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1. After examining a large amount of data dealing with low-temperature polymerization, N. N. Semenov 
[1] proposed a theory, according to which, under geometrically favorable conditions, the addition of monomeric 
units to a growing polymer chain should not proceed through a series of consecutive jumps over the activation 
barrier, but through a concerted electronic interaction which would pro- 
ee duce a rearrangement of bonds in an excited system, In this paper, an 
‘3 attempt is made to provide a quantum-mechanical basis for such be- 
havior, and to expand the theory, 


2. Let us examine a case where we have a polymeric free radical 
Ry and a monomer A = A, with a configuration favorable to addition (v 
is “the number of monomeric units in the polymer), If we disregard inter- 
actions involving o-bonds and secondary bonds in both the polymer and 
the monomer, the reactionR, +A=A-— R y +1. Can then be treated as 
a simple three-electron interaction of the type K + LM > KL + M, where 
K, L, and M are all monovalent atoms, The curves plotted in Fig, 1 
Fig. 1. show how the electronic energy € of the entire system (polymeric free 
radical + monomer) changes along the reaction path, As an independent 
degree of freedom x we have selected the distance between the terminal carbon atom on the polymer and the 
nearest carbon atom of the olefinic monomer, As is well known, the electronic energy of a system computed by 
the adiabatic approximation represents the potential energy produced by the motion of the nuclei [2,3]. 


' 


The numbers 1, 2, 3, and 4 shown on the right side of the graph represent the ground state and three low- 
lying excited states for a system in which the components are apart, The difference €,— €, gives the excitation 
energy of the unpaired electron on the terminal carbon atom of the free radical R yi €3— €, gives the excitation 
energy of the molecule A = A; €4— €, gives the energy for an adiabatic breaking of the t-bond,. In assigning 
numbers 2 and 3 to the curves on the right-hand side of the graph (the case where the components are apart), we 
relied on the potential curves for diatomic molecules, where it is found that in genera] the excitation energy 
of a molecule is greater than the difference between the atomic levels which give rise to the particular ground 
and excited molecular states [4,5], The position of Curve 4 relative to Curves 2 and 3 is unimportant, since the 
corresponding potential curves do not interact on intersection, 


To determine theoretically the activation barrier € act for the reaction Ry +A=A-> Ry +4 (Curve 1), we 
have to know the shape of the potential energy surface [6].Polyani’s rule [7]: € act =11.5—-0.25q yields a value 


€act ¥ 5-6 kcal/mole, Approximate quantum-mechanical calculations, as well as experimental studies, yield 
similar values [8], According to [3,9], €ac¢ ¥ 1-3 kcal/ mole, 


RtA=A 
1 


We will use the average value €a¢¢ = 3 kcal/mole (0,13 ev/ molecule), At 20°C, € act = 5 kT, while at 
—196, €act = 19kT. If the addition of every monomeric unit required thermal activation, the polymerization 
would be slow, particularly at low temperatures, 


The polymerization could proceed without absorbing energy from the surrounding medium (thermostat) if 
an adequate fraction of the heat of reaction were used directly to provide activation energy for the subsequent 
addition of another monomeric unit (energy chain [10]), Let \ be the probability of concentrating all the energy 
liberated in the reaction along the selected degree of freedom, Then let € and €y be the energies localized 
on the reaction coordinate when the polymer consists of v and v + N units, respectively, Calculations show that 


From the condition that €)y | — oo = act» it follows that the polymerization will proceed uninterrupted 
if 


(2) 
> do ; 0.13 
provided, of course, that the monomer is favorably oriented, 


Due to the great number of degrees of freedom and strong bonding between the atoms and groups in a poly- 
meric chain, and also as a result of heat losses, the actual value of \ will obviously be smaller than the critical 
value Ay. When A < Xo, the polymer growth will rapidly come to an end, According to Eq, (1), the chain length 
will be: 
(Ay — 4) 
— 4) — — do) 

N= Igr (3) 


When Ao = 0.13, A = 0,12, and €9 = 10€ac¢, the polymeric chain will increase by only 3 molecules, 


3, As one proceeds from a state in which the components are apart to the transition state, the repulsion 
and its unavoidable effects on the activation energy constitute an exchange interaction and are expressed by the 
integrals & in the London equation [6,8]: 


E = Eo + + + Qai — V — aes)? + (A423 — + (as1 — aia)’. (4) 


In contrast, as the components of the system approach each other, the coulomb integrals Q decline monotonical- 
ly, assisting in the unactivated mutual attraction, It has already been shown [11-14] that the specific contribu- 
tion of coulomb integrals to the total interaction energy is much greater when the reaction occurs between ex- 
cited instead of unexcited atoms, We would consequently expect increased attraction during the initial stages 
of approach, or in other words, the activation energy for the addition of a monomer A = A to an excited poly- 

meric free radical RS should decrease appreciably, and possibly even drop to zero (see Curve 2; Re is a radical 
with an excited unpaired electron on the terminal carbon atom), 


In the reaction Rs 5 +A=A> Rs +1 the transfer of a free valence should be accompanied tad the transfer 
of excitation energy to the new terminal C-atom on the newly attached polymer unit, The Rs $1 State, in which 
the o~bonds in the polymeric chain are also excited, is unstable with respect to a nonsdisbetic transition to the 
configuration xy. Thus, since each time that a radical RS ) +1 1s formed by the addition of a monomeric mole- 
cule, the excitation energy becomes concentrated on the unpaired electron, we can have unactivated addition of 
a second, third, etc,, molecule as long as the monomer remains favorably oriented, The transfer of excitation 
energy to the (v + 2)th molecule stabilizes the (v + 1)tho -bond, etc, The arrow in Fig. 1 shows how the 
(v + 1}th o-bond in the polymer would become stabilized in an idealized case where 


0 when x> xin, 


a 
ye 
rec 
4 
2 
2 


Vy 41 4nd ¥,) 42 are the electronic wave functions for the system when the (v + 1)th and the (v + 2th mole- 
cules are excited, while V, 44,» +2 is an interaction operator, The formula for the excitation energy transition 
period [15], 
t 

to~ 
Jy44,v42 (6) 
indicates that under the conditions given in Eq. (5) the transfer of excitation energy from the (v + 1)th to the 
(v + 2th molecule in the polymer would occur instantaneously in the xy Configuration, as if the exchange in- 
teraction between the RJ , 4 and the RJ +2 states had arisen instantaneously, 


In reality, the transfer of excitation energy to the (v + 2h molecule in the polymer does not take place 
at a fixed atomic configuration, but during the formation of the (v + 2th o-bond, which occurs in exactly the 
same way as the formation of the (v + 1)th bond shown in Fig. 1. Hence, the (v + 1)h unit of the polymeric 
chain is not stabilized through a transition obeying the Franck-Condon principle, but by a gradual deformation 
of Curve 2 into Curve 1 in the course of a single or several atomic vibrations, Since the excitation energy of the 
unpaired electron in the polymeric free radical RJ remains independent of the chain length v , as the polymeric 
chain increases in length, the transfer of excitation energy from one molecule to another will be accompanied 
by a transition of the stabilizing units into vibrationally excited states; the energy liberated is equal to the dif- 
ference between the energy of a o-bond in the polymer and that of the 7-bond in the monomer (see Fig. 1). 


Thus, it is the electronic excitation of the polymeric free radical which makes the unactivated growth of 
the chain possible, When the monomeric molecules are favorably oriented (for example, in a crystal), this type 
of polymerization represents an elementary process of electronic excitation propagation in which, as the excita- 
tion energy passes from one molecule to another, it “sews” the components into a single polymer, The duration 


of growth and the polymeric chain-length depend on the lifetime and the propagation velocity of the electronic 
excitation, 


4, This type of free radical polymerization represents a novel manifestation of an excitation wave, As is 
well known, relatively long-life electronic excitations in a periodic structure do not remain localized on a par- 
ticular atom or molecule but travel through the structure in the form of excitation waves [16,17], An excitation 
wave travels with a velocity v ~ a/T, where a is the interval of structural periodicity, and Tt is the time spent 
by an excitation wave at a given lattice node, which can be calculated from Eq. (6), If the atomic oscillation 
period T 3; exceeds the excitation energy transfer time T the excitation wave will comprise only the electronic 
excitation energy. If Tg, < T , the excitation wave can dislocate the atoms from their equilibrium position and 
will then represent a simultaneous displacement of the electronic excitation energy and the local elastic strain 
in the structure, The excitation wave occasionally becomes localized at points of structural defects, 


Let us examine the case where a polymer Ry comes into close contact with a monomer which has a defi- 
nite periodic structure. The electronic excitation of the polymer is localized on the terminal carbon atom (at 
one end of the polymeric chain) which carries the free valence, When contact is achieved with the monomer, 
the excitation wave can be further propagated by the concerted process of chain growth and excitation energy 
transfer, The arrival of an excitation wave at the end of the polymeric chain results in the attachment of the 
monomer, and the accompanying atomic rearrangement establishes favorable conditions for further propagation 
of the excitation wave, Hence, in olefinic systems, which can exist in two ordered modifications (monomeric 
and polymeric), it is possible to have a new form of excitation wave — an electronic excitation wave accom- 
panied by an inelastic (residual) strain wave, When a~ 107° cm and t~ 10°" sec the excitation wave (and 
consequently the polymerization front) travels with a velocity v ~ 10° cm/sec. During the lifetime of an ex- 
citation wave (about 10~® to 107° sec) a chain consisting of from 10‘ to 10° molecules can be formed. Though 
heat is produced along the front (equal to the difference between the energies of o- and 1-bonds), it follows 
from the above-discussed excitation-wave mechanism that the chain growth is maintained by the transfer of 
electronic excitation energy, and not by the evolution and reabsorption of heat during the reaction, 


The author wishes to thank Academician N. N. Semenov and Professor N. D. Sokolov for their valuable 
comments, 
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Translated from Doklady Akademii Nauk SSSR, 

Vol, 135, No, 1, pp. 121-124, January, 1961 

Original article submitted July 5, 1960 


We have studied the formation and destruction of aerosols during the radiolysis of gaseous hydrocarbons, 
using optical and weight-concentration techniques, The methods themselves have already been described in [1], 
where the aerosols formed by the radiolysis of methane were 
investigated, The radiation consisted of fast electrons with 
an average energy of 112 kev. To make a comparison with 
other radiochemical studies [2-7]. possible,experiments in- 
volving ethane, propane, n-butane, ethylene, propylene, 
and methane— oxygen mixtures were carried out in a brass 
reactor; experiments involving acetylene were carried out 
in an iron reactor, while those involving ethylene— oxygen 
mixtures were done in an aluminum reactor, Each reactor 
had a 2-liter capacity, 


In Fig. 1 we have plotted curves which show how the 

extinction of light varies with time (with the amount of ab- 
; sorbed energy) in the case of aerosols formed during irradia- 
40 wuke tion of ethane, propane, and n-butane at t = 20° and p= 1 
atm; the exposure period was 30 min and the electron- 
beam intensity either 10 Hamp or 100 famp, The figure 
shows that the extinction of light is greatest in irradiated n- 
butane. and least in propane; moreover, at 100 Hamp, all 
the aerosol-formation curves exhibit a minimum which di- 
vides each curve into two distinct sections, At short time intervals (dosages), light extinction is a linear function 
of the energy absorbed; after that, although the aerosol formation continues, the coagulation and sedimentation 
processes result in reduced light extinction, When irradiation is stopped, the aerosols break up fairly rapidly. 


When the electron-beam intensity is decreased from 100 Lamp to 10 Hamp, the light extinction is reduced by 
one half, 


Fig. 1. Light transmittance as a function of 
time for the aerosols formed in the radiolysis 
of: a) propane; b) ethane; c) n-butane. 


In Fig. 2 we have similarly shown the variation of light extinction with time for the aerosols formed by ir- 
radiating a methane— oxygen mixture (4:1 ratio) and an ethylene— oxygen mixture (1:1) at p = 1 atm, I = 100 
Hamp, and t = —10° (Curves 1 and 2) or 20° (Curves 3 and 4); and for aerosols formed from propylene at p = 1 
atm, t = 20°, and I = 10 #amp (Curve 5) or 100 Hamp (Curve 6). The irradiation was continued for 30 min in all 
cases except Curve 6, where it was only 10 min. All the curves in Fig. 2 resemble those in Fig. 1 in having a 
maximum in light extinction after a certain amount of energy is absorbed. 


Strongest dependence on temperature is observed in the cases of CH, + O, mixtures, On the other hand, 
temperature seems to have very little effect (within the investigated range) on the extinction of light in the case 
of the C,H, + O, mixture, The difference is apparently due to the fact that the aerosols formed during irradiation 


- 
5 


a 40 min 


Fig. 2, Light transmittance as a function 
of time for the aerosols formed by the 
radiolysis of: a) methane— oxygen mix- 
ture; b) ethylene— oxygen mixture; c) 


Fig. 3. Time dependence of the weight 


peopyiene, concentration of aerosols formed by the 
radiolysis of: a) methane— oxygen mixture; 
mg/ liter b) ethylene— oxygen; c) ethane; d) pro- 
‘5c pane; e) butane, 


of CH, + O, mixtures consist of aqueous solutions of form- 
ic acid, formaldehyde, and peroxides, whereas the aero- 
sols formed in C,H, + O, mixtures consist primarily of 
high-boiling compounds [5]. The rapid increase in the 
concentration of the aerosol phase observed when the 
temperature of the CH, + O, mixture is lowered from 20 
to —10°C seems to be responsible for a similarly sharp 
change in the qualitative composition of the oxidation 
products, which has been reported to occur in the same 
narrow temperature interval [6], At the same time, the 
small temperature dependence of the aerosol phase con- 
centration in mixtures of C,H, + O, is entirely consistent 


0 7 ye in with the fact that the composition of reaction products 
remains practically constant throughout this temperature 
Fig. 4. Time dependence of the weight range [5], Consequently, variations in the composition 
concentration of aerosols formed by the and concentration of the aerosol phase can strongly in- 
radiolysis of: a) propylene; b) ethylene; fluence the course of a radiochemical reaction, In the 
c) acetylene, case of the aerosol formed during irradiation of propylene, 


an almost complete extinction of light occurs after only 
4 min at 1 = 10 famp, When I = 100 pamp, however, the curve has no minimum, indicating that the processes 
responsible for the destruction of aerosols have in this case reduced the extinction of light. 


In Fig. 3 we have plotted the concentration (by weight) of aerosols formed in the radiolysis of ethane ,pro- 
pane, n-butane,and CH, + O, (4:1) and CyH, + O, (1:1) mixtures as a function of time (energy absorbed); the elec- 
tron beam intensity was either 10 pamp or 100 Hamp at t = 20° and p = 1 atm, The radiation time was 30 min, 
as before. In the case of saturated hydrocarbons the maximum weight concentration, as well as light extinction, 
was exhibited by n-butane and the minimum by propane, The concentration maxima are displaced from the ex- 
tinction maxima toward higher dosages, since the light extinction depends not only on the weight concentration 
of the aerosol, but also on the dimensions of the particles, The C,H, + O, mixture attains a maximum weight 
concentration much more rapidly than does the CH, + O, mixture, and its aerosol concentration at the maximum 
is much higher too, When the electron beam intensity is boosted from 10 famp to 100 amp, the weight con- 
centration increases by a factor of 5-8, 
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en a eae In Fig. 4 we have plotted the concentration 


14 Ga by weight against time for the aerosols formed by 
Compound oo” ie Exposure to radiation, min the radiolysis of ethylene, propylene, and acetylene 
bab G = at 20°C, p = 1 atm, I = 100 famp (for propylene al- 
Ya 3 5 | 10 | 20 | 30 so at I = 10 Hamp), Acetylene and propylene at I = 
y propy 
= 100 Hamp were irradiated for 10 min, while ethyl- 
CH, 1.45 | 2.5 0.1010.13! 0.20 ene and propylene at I = 10 famp for 30 min, The 
C,H, 2.63 | 4.4 0.85/0.90| 0.60 highest concentration by weight (40 mg /liter) in the 
CsHs 3.68 | 6.7 0.37|0.40} 0.20 
CH 368 111.0 0.4210.301 0.27 experiment involving propylene is observed after a 
CoH, 9.391 88 5.915.9 12.6 14.5 5-min exposure to radiation and absorption of 
Cale 7.8] 6.5 | 1.75 10” ey of energy. When the electron beam 
2°32 | j 4.31 3.5126 11.4 | 0:4 intensity is reduced to 10 Hamp, the weight concen- 
2.04 | 56.6] 18.7) 11.8] 6.1 tration of the aerosol formed in propylene declines 


by about one half, In the case of ethylene, about 
the same maximum concentration by weight is observed as in the case of propylene, but only after a greater 
amount of energy has been absorbed (2.8 * 10” ev), In all these cases, after attaining its maximum value the 
weight concentration of the aerosol begins to decline as more energy is absorbed due to processes which destroy 
the aerosol, The aerosol formed during irradiation of acetylene consists of solid cuprene particles and attains a 
maximum concentration of 27 mg/liter. 


Thus, with increasing radiation dosage we first observe the accumulation of the aerosol phase within the 
reaction zone; the rate and the amount formed depend on the reagents used, but after a certain amount of energy 
has been absorbed processes leading to the destruction of the aerosol tend to reduce the concentration, When the 
radiation is cut off, the newly formed systems persist for brief periods of time: from several minutes in the case 
of acetylene, to several tens of minutes, in the case of CH, + O, mixtures, 


In the table we have compiled the yields of the aerosol phase Gg (the number of original hydrocarbon mole- 
cules which reacted to form the aerosol phase for each 100 ev of energy absorbed) for various radiation exposure 
lengths (dosages) at a pressure p = 1 atm, t = 20°C, and I = 100 Hamp. For the sake of comparison, we have also 
tabulated the values of G, which give the corresponding number of the original hydrocarbon molecules converted 
into the isolated final liquid and solid products [2-7], The data shown in the table indicate that a good percent- 
age of the liquid products formed in the radiochemical reaction pass through an aerosol phase, The yields Gg 
may vary over a wide range of values, depending on the type of hydrocarbon used and the amount of energy ab- 
sorbed. The highest yield is observed in the case of acetylene and the lowest in the case of methane,and as a 
rule the aerosol yield tends to decline when an excessive amount of energy is absorbed, Thus, when the irradia- 
tion period is increased tenfold, the yield in C,H, + O, mixtures declines to one twelfth the value,while in the 
case of n-butane a threefold increase reduces the yield to two thirds the original value, The yields from unsatu- 
rated hydrocarbons and from mixtures of CH, and C,H, with O, exceed the yields from saturated hydrocarbons by 
about one order of magnitude, Let us also note that the maximum yield Gg is not necessarily observed in cases 
where the concentration by weight is highest; for example, acetylene has Gg = 18.7 and a concentration of 27 
mg/liter, while propylene has Gg = 7,8 and concentration 40 mg/liter. 


LITERATURE CITED 


V.S.Bogdanov, Zhur, Fiz, Khim. 34, No. 5, 1050 (1960), 

2. B.M. Mikhailov, L. V. Tarasova, and V. S. Bogdanov, The Effects of Ionizing Radiation on Organic and 
Inorganic Compounds [in Russian] (Izd, AN SSSR, 1958) p, 218. 

3. B.M. Mikhailov, M. E, Kuimova, and V. S. Bogdanov, The Effects of Ionizing Radiationon Organic and 
Inorganic Compounds [in Russian] (Izd, AN SSSR, 1958) p, 223, 

4, B.M. Mikhailov, L, V. Tarasova, V. G. Kiselev, and V, S. Bogdanov, Transactions of the First All-Union 
Conference on Radiochemistry [in Russian] (Izd, AN SSSR, 1958), 

5. B.M. Mikhailov and V. G, Kiselev, Izvest, Akad. Nauk SSSR, Otdel Khim, Nauk No, 9, 1619 (1960), 

6. B.M. Mikhailov, M, E. Khimova, and V. S. Bogdanov, Transactions of the First All-Union Conference on 
Radiochemistry [in Russian] (Izd. AN SSSR, 1958), 

L. M. Dorfman and F. J. Shipko, J. Am, Chem, Soc, 77, 4723 (1955), 


= 
~ 
“2. 
~ 
7 


— 
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When ethylene undergoes deep polymerization catalyzed by chromic oxide, the yield of polymer per unit 
weight of catalyst varies over a wide range of values [1-3], One would naturally assume that these variations re- 
sult from differences in the concentration of impurities found 


2 ___——/? in ethylene or the solvent. The present work represents an 
8 —— ht attempt to determine the effects of water and oxygen in 
ites ethylene on the yield of polymer. 


The catalyst was prepared by soaking an aluminum 
UR 6 silicate carrier in a solution of chromic oxide, The carrier 
was made of granular aluminum silicate which had a dry 
weight of 0.43, an average pore radius of 40-60 A, and a 
specific surface of 300 m*/g.* After soaking, the carrier 
‘ was dried at 110°C and fired in a muffle furnace at 250°C, 
; Activation was achieved by heating the catalyst for 4 hr at 
3 400°C in vacuo (107° mm Hg). This was done by placing 
ll 7 4 weighed samples of the catalyst into thin-wall glass tubes 
_ and sealing the tubes to the manifold of a vacuum apparatus, 
When the activation was terminated, the tubes were sealed, 
detached, and weighed, The final catalyst usually contain- 
ed about 5% CrOs, 


+4 
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Fig. 1. The autoclave used for investigating 
catalytic polymerization. 1) Outer shell of 
autoclave; 2) stirrer; 3) a crucible for the 


tube; 4) thermocouple; 5) flange; 6) lid; 7) The first set of experiments was carried out using 
bolt and nut; 8) condenser; 9) stator; 10) rotor; ethylene of the highest purity possible, Ethylene was forced 
11) hollow shaft; 12) rod; 13) handle. through a carbon filter at 50 atm, then through a column 


filled with a nickel—chromium catalyst to remove oxygen, 
and through two columns filled with activated alumina to remove water vapor, The ethylene eventually used 
for polymerization contained less than five parts per million of oxygen, and had a dew point below —65°C, which 
indicated that the water-vapor content was below three parts per million, Benzene (BR-1 brand), cyclohexane, 
heptane, and other hydrocarbons were used as solvents, To purify the solvents we stirred them over freshly fired 
aluminum oxide and bubbled through them nitrogen freed from oxygen and water, Solvents thus purified contain- 
ed less than 5 parts per million of water, 


*The authors wish to take this opportunity to thank the Chief Engineer at the Gor"kii station of the Scientific 
Research Institute of Petroleum Products, B, A. Lipkind, for providing us with samples of the carrier, 
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s 
Catalyst efficiency 


Polymer yield 


Catalyst concentration Catalyst concentration 
Fig. 2. The amount of polymer formed Fig. 3. Catalytic efficiency as a function of 
as a function of the catalyst concentra- catalyst concentration, I) Water content in 
tion in solution, I) Water content of so- solution 5 ppm; II) water content 20 ppm. 


lution 5 ppm; II) water content 20 ppm. 
Catalytic polymerization was carried out in a one- 


g/ liter autoclave made of stainless steel, Special precau- 
> 200 tions were taken to prevent any accidental introduction 
8 of impurities into the reaction mixture during the experi- 
g ment, The autoclave (Fig, 1) was provided with a mag- 
‘> /00 netic stirrer, a pocket for a thermocouple, and a special 
2 sealed-tube crusher, 
3 ft eet Experiments were carried out in the following man- 
GS Mm) 2 Jt ner. The sealed tube with the catalyst inside was at- 

Catalyst concentration tached to the rod running through the hollow shaft, The 
Fig. 4. 1) 0,0003%; 2) 0.001%; 3) 0.01%; autoclave was sealed with the lid, placed inside a dis- 
4) 6.1% Op. mountable electric furnace, and connected with the ap- 


paratus in which ethylene was purified. Using a simple 
force pump, we evacuated the autoclave and degassed it for 2 hr at 200°C; after that, the apparatus was cooled 
to 100° and flushed several times with the purified ethylene, Operating under dry nitrogen, we transferred 300 g 
of purified solvent into the evacuated autoclave, and then introduced dry ethylene until a pressure of 35 atm was 
attained, After the experimental conditions were established, we crushed the sealed tube containing the cata- 
lyst by applying pressure to the rod, Whenever, in the course of polymerization, the ethylene pressure in the 
autoclave dropped appreciably, it was restored back to the original 35 atm by introducing more ethylene from 
the purification apparatus, in which the pressure was maintained at 50 atm, The polyethylene recovered from 


the autoclave was dried to a constant weight and weighed, In figuring out the weight of the polymer, a correc- 
tion was introduced for the glass tube and the catalyst, 


The results from our polymerization experiments in which ethylene of highest purity was used are presented 
in Fig. 2,1, When the amount of polymer formed is plotted against the catalyst concentration in solution, one 
gets an S-shaped curve, The left-side section of the curve (section a) shows that unless a certain threshold con- 
centration is exceeded no reaction takes place, Even a concentration slightly in excess of the threshold value 
results in a greatly increased polymer yield (section b), When the catalyst concentration attains a certain limit- 


ing value (which is determined by the length of the experiment), the polymer yield becomes independent of the 
catalyst concentration (section c), 


This behavior is responsible for the appearance of a sharp maximum on the curve expressing the catalytic 
efficiency (in grams of polymer per gram of catalyst) as a function of the catalyst concentration in solution, 
Curve 1 in Fig. 3 shows that in experiments where the autoclave was degassed at 200°C and highest purity ethyl- 
ene and solvent were used the threshold catalystconcentration was 0,15%, When the catalyst concentration is 
increased above its threshold value, the catalytic efficiency sharply increases, attaining a maximum of 600 g per 
1 g of catalyst at a concentration of 0.2%, If the concentration is increased any further, the efficiency gradually . 


c 
200+ 
re, 

10 


declines, When the concentration of impurities in the reaction mixture is raised, the curves of polymer yield 
against catalyst concentration in solution retain their shape, but the threshold concentrations become greater. 

As a result, the catalytic efficiency maximum is lowered, Curve 2 in Figs, 2 and 3 shows how the polymer yield 
varies with the concentration of catalyst in solution when a solvent containing 20 ppm of water is used. The 
graphs show that by raising the water concentration in the solvent from 50 to 20 ppm we raise the threshold 
catalyst concentration from 0.14 to 0.24%, This reduces the catalytic efficiency maximum from 610 to 360 g/g. 


The presence of oxygen in ethylene also has a very pronounced effect on the yield of polyethylene. In 

Fig. 4 we have plotted the catalytic efficiency against the concentration of catalyst in solution for various con- 
centrations of oxygen in ethylene. Experiments were run for 4 hr. It is apparent that with increasing concentra- 
tion of oxygen in ethylene the threshold concentration of the catalyst rises substantially, and consequently, the 
catalytic efficiency maximum declines, When ethylene contains 0.1% oxygen, no polymerization takes place, 
Various explanations are possible to account for these effects of impurities on the threshold concentration of the 
catalyst, The most likely explanation is that the impurities block the catalytic surface, and only in cases where 
the amount of catalyst is such that the impurities introduced with the ethylene and the solvent fail to cover the 
entire activated surface can the polymerization proceed at any appreciable rate, 


A preliminary study of the time dependence of the polymerization rate has revealed that at first the rate 
increases, attains a maximum, and then declines, The duration of the period during which the polymerization 
rate increases (which is associated with an increase in the number of new polymeric chains) depends on the purity 
of the ethylene and the solvent. This would lead one to assume that the impurities act in two ways: by an ir- 
reversible and slow blocking of the active centers on the catalytic surface; and by a reversible adsorption of im- 
purities on these same centers, which slows down the primary process of chain generation, 


When highly pure ethylene and solvent are used together with large amounts of catalyst, the total amount 
of polymer formed remains about the same — a 50% solution of polymer in the solvent, The total yield remains 
constant due to the fact that the rate of ethylene solution becomes very slow in the highly viscous solutions of 
the polymer, 


The maximum yield of polymer makes it possible to estimate the number of chains generated by each 
atom of the active component in the catalyst, The polymers in our experiments had an average molecular weight 
of 100,000,and hence, if the yield is 600 g, each gram of the catalyst is responsible for the formation of 6,0*°10™° 
moles of polymer. One gram of catalyst contained 5° 107‘ moles of chromium, Thus, if every chromium 
atom acted as a catalyst, it would be responsible for the formation of 12 chains, 


In reality, however, only a very small fraction of chromium oxide is accessible to the ethylene, and hence 
the number of chains formed by each atom is greater, As a result, one must conclude that, in this reaction at 


least, chromium oxide does not simply initiate the polymerization but acts as a true catalyst by interacting re- 
peatedly with the reagents, 
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The present communication is devoted to the investigation of the infrared absorption spectra of the cis- 
and trans-isomers of the propenyl derivatives of trivalent and pentavalent antimony. The synthesis of these com- 
pounds has been described elsewhere [1]. As far as we know, there are no references in the chemical literature 


to any work devoted exclusively to the study of the infrared absorption spectra of the cis- and trans-isomers of 
organometallic compounds, 


TABLE 1 


Infrared Absorption Frequencies of the Propenyl Derivatives of spill and sb¥ 


(CH,CH--CH),- | (CH,CH=CH),- | (CH,CH=CH),- 


cis,bp |trans,|cis, trans, |cis, cis, cis, trans, 

70° at |bp82°|m m m -|m m 
mm |5mm|75°_ {162/4 |86° 1167/4 |123° 143° |48° bp 


1600 1600 1606 1607 1604 1605 1600 1598 1600 1600 1600 


We are going to examine the results obtained from the infrared investigation of the above-mentioned com- 
pounds, Several workers [2,3] have reported on the possibility of distinguishing between the cis- and trans-isomers 
of organic compounds by means of infrared spectroscopy; disubstituted ethylene derivatives of the type Ry - CH= 


=CH~— R; have bonds at 690 cm”! and 960-970 cm’, the former being characteristic for the cis- and the latter 
for the trans-configuration, 


1600 
1378 | 1977 | 138 | 1376 | 1382 | 1377 | 1378 | 1375 | 1380 | 1967 1380 1375 ~ 
1320 | 4320 | 4308 | 1306 | 1305 | 1306 | 1297] 1302 | 1305 | 1304 1324 1308 
1193 | 1199 | 1201 | 1191 | 1199 | A190 | 4196 | 1185 | 1195 | 1225 1200 1190 
15 | | — | 1109 | — | 4805 | 1400 | 4105 | 4409 | 1185 1115 1110 
1060 | 1047 | 4075 | 1045 | 4075 1065 | 1048 | 1062 1062 
1039 | 1040 1042 oat | 1040 | 1039 1043 1035 1040 
970 | 971 | 940 | 957 | 939 | 951 937 | 945 | 960 | 967 970 971 
920 | 935 | 928 925 { 925 924 | 945 920 938 . 
10 | 720 | 665 | 724 | — m2) — 18 | 70 | 726 pa 722 
660 | 655 | 625 | 667 | 663 | 655 660 | 660 | 660 | 663 660 662 
6i0 | 455 | G20 | 8i8 | 620 610 | 615 | 635 | 625 600 
= — 452 
13 : 


TABLE 2 
Infrared Absorption Bands of Propenyl Bromide 


Cis, bp Trans, Cis, bp | Trans, 
57.5-58° | bp 63.5°/57.5-58° 


1050 
1030 


674 


According to the data reported in the two 
papers cited above, the isomers can be differenti- 
ated in most cases by the fact that the 970 cm™! 
band found in the spectra of trans-isomers does 
not appear in the spectra of cis-isomers, We 
would like to point out, though, that certain cal- 
culations have been done [4], the results of which 
indicate that the absorption bands for the out-of- 
plane vibrations of the CH bonds adjacent to the 
double bond should appear at almost the same 
frequency in either isomer (the frequency range 
of 965-980 cm”? is usually given for both the cis- 
and trans-configurations, for vibrations of the type 
Ht R 

Sc = cg and 

R R Ht 
authors of the paper just cited utilized the experi- 
mental data reported in [5], where it is also shown 
that in the two isomeric forms of disubstituted 
butenes the out-of-plane vibrations of the cor- 
responding CH bonds give rise to absorption bands 
Fig, 1. at frequencies so similar as to e almost undis- 
tinguishable, 


Absorbance 


From what has just been said, it is quite obvious that above-mentioned criteria are inadequate by them- 
selves for any conclusive assignment of geometrical configuration, and hence one has to be very careful in in- 
terpreting the infrared data connected with trans- and cis-isomerism, 


We carried out our measurements on a double-beam model VIK M-3 infrared spectrometer using NaCl 
prisms (700-1800 cm” range), and on a single-beam IKS-12 spectrometer using KBr prisms (400-700 cm! range), 
Liquids were studied in cells of fixed dimensions (0,016 mm path length with KBr windows, and 0,050 mm with 
NaCl windows), Solids were compressed in KBr pellets, 


The stereoisomers studied by us were assigned configurations through a careful comparison of the infrared 
absorption spectra [6] of each set of isomers, and on the basis of a rule previously established by us in cooperation 
with A, N, Nesmeyanov, that the configurations of cis- and trans-ethylene derivatives remain unchanged in elec- 
trophilic substitution reactions and in homolytic exchange [1,7,8]. All of the propenyl derivatives of antimony 
investigated by us (Sb! and sbY) yielded distinctly different infrared absorption spectra for the cis- and trans- 
configurations (Figs. 1 and 2, Table 1), 


All the trans-isomers (hydrogens trans across to the double bond) exhibited a characteristic strong absorption 
band in the 945-970 cm™* region, Whereas the out-of-plane CH bond vibrations in tripropenyl and pentapropenyl 
stibine absorb at 971 cm™!, the corresponding halo derivatives — dichloro,dibromo, and diiodotripropenyi stibine— 
exhibit a steady shift toward 945 cm™" in that same order, while tetrapropenyl bromostibine absorbs at 967 cm7}, 
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* Vibrations confined to the plane of the C=C bond, 


We also should mention another prominent 
feature in the infrared spectra of the trans-isomers 
by which this configuration may be recognized: 
absorption bands in the 718-726 cm™! region 
(Table 1, Figs. 1 and 2); all of our trans-deriva- 
tives exhibited bands in this region, while none 

of the cis-derivatives did, Though the cis-isomers 
of our compounds exhibited absorption bands 
around 920-940 cm™?, these were generally con- 
siderably weaker than the corresponding bands ex- 
hibited by the trans-isomers in the 945-970 cm™! 
region, Only cis-tripropenyl stibine and cis- 
pentapropenyl stibine absorb at frequencies close 
to the absorption frequencies for the out-of-plane 
CH bond vibrations of the corresponding trans- 
isomers (970 cm**), but fortunately the bands of 
the trans-configuration are about three times as 
strong as those of the cis-isomers (we computed 
the areas under the bands), The same has pre- 
viously been observed in the case of propenyl 
bromide (Table 2, Fig. 3): The 930 cm! absorp- 
tion band of the trans-isomer is also about three 
times as intense as the corresponding band of the 
cis-isomer, 


The infrared spectra of both the trans- and 
the cis-isomer exhibit absorption bands in the 
655-660 cm” region, but these bands are about 
2-2,5 times as intense in the spectra of the cis- 
isomers as are the curresponding bands in the 
spectra of trans-isomers (these values were ob- 
tained by comparing the spectra of isomeric tri- 
propenyl stibines and the spectra of the cis- and 
trans-propenyl bromides), Of the low-frequency 
bands, we would like to mention the relatively 
strong bands at 452 cm™!, which are found in the 
infrared spectra of cis-tripropenyl derivatives of 
dichloro, dibromo, and diiodostibine and cis- 
tetrapropenyl bromostibine; the corresponding 
trans-derivatives exhibit no bands at 452 cm™?, 
These bands are also absent in the spectra of both 
the cis- and trans-isomers of tri- and pentapro- 
penyl stibine. 


As far as the in-plane vibrations* of the 
CH bonds adjacent to the double bond are con- 
cerned, they give rise to absorption bands (1200 
to 1300 cm”) with frequencies apparently inde- 
pendent of molecular configuration; however, a 
certain inverse relationship exists between the in- 
tensities (measured at the band maximum) of the 
1200 cm”! and the 1300 cm”! bands in the spectra 
of each set of isomers, 
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Thus, if the trans-isomer has the 1300 cm™! band more intense than the 1200 cm”! band, the cis-isomer 
will have the intensities exactly reversed, i.e., the absorption band at 1300 cm! will be less intense than that 
at 1200 cm™’, No differences attributable to isomerism are detected in the region of carbon hydrogen deforma- 
tion vibrations (1380-1450 cm™4), The double bonds in each set of isomers absorb at about the same frequency 
and with about the same intensity, regardless of the configuration, 


The authors wish to express their gratitude to Academician I, V. Obreimov for his interest in this work, and 
to R, A.Isaeva and E, D, Vlasov for their assistance in obtaining the infrared absorption spectra, 
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It has recently been proposed [1] that certain features of the fine structure in the x-ray absorption spectra 
of transition elements in ferrites may possibly be caused by the antiferromagnetic alignment of electron spins in 
the investigated compounds, The conclusion was based on the analysis of many absorption spectra of iron in vari- 
ous ferrites [1], not all of which have been thoroughly enough characterized with respect to their structure and 
magnetic properties,and consequently the preliminary results required further verification and improvement 
through a series of specifically designed experiments, It therefore seemed particularly important that we investi- 
gate the temperature dependence of the fine structure in the x-ray spectra of paramagnetic atoms in antiferro- 
magnetic surroundings at magnetic transition temperatures, Of the relatively few antiferromagnetic compounds 
suitable for such a study, we selected MnTe, The compound has been previously examined very thoroughly by 
x-ray diffraction [2,3], and has a conveniently located Néel point (Tj = 310°K), 


The experimental sample of manganesetelluride was kindly donated to us by N, P. Grazhdankina, for which 
we would like to thank her, It was prepared by fusing finely dispersed and thoroughly mixed powdered mangan- 
ese and tellurium in an evacuated and unsealed quartz tube at 800°C.* To eliminate gaseous impurities, the 
manganese was remelted several times in high vacuo, 


The freshly prepared manganese telluride was annealed at low temperatures, An x-ray structural analysis 
indicated that the melt contained primarily a MnTe phase with only a trace of MnTe2. Grazhdankina had pre- 


viously investigated the physical properties of this melt in the 250-370°K temperature range [3], which spans the 
Néel point, 


It has been found that when the electrical resistance and the magnetic susceptibility of MnTe are plotted 
against temperature both curves exhibit a sharp break at Ty = 310°K, while the curve representing the tempera- 
ture dependence of the crystal lattice parameter c changes direction, However, a transition through the Néel 
point seems to leave the crystal lattice otherwise unchanged, since the second parameter remains a linear func- 
tion of temperature, Hence, a transition from room temperature (antiferromagnetic state) to temperature above 
Ty seems to be only accompanied by an anomalous expansion of the crystal along the c axis, and since the c/a 
axial ratio thus increases,the unit cell dimensions of the compound do not remain the same, 


*The original manganese contained: 0.07% S, 0,07% CO, and 0,03% P; tellurium contained: 1074 %Cu, 
4 %Ag,<10 and 10°“% Sb and As, 
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Fig. 1. K x-ray absorption Fig. 2, A comparison be- Fig. 3. The fine structure 
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spectrograph, while the other at 8°C; 4) in pure metal 4) 21°C; 5)8°C (Ty = 
(broken lines) was obtained (the two temperatures are = 310°K), 

[4] on a double crystal spec- above and below the Néel 

trometer using an ionization temperature , respectively), 


gauge. 


The K x-ray absorption spectra of manganese in the telluride were obtained on an-x-ray spectrograph using 
the Johann focusing technique, As a reflecting crystal we used quartz cleaved along the (1340) plane and with 
d= 1,17 A, The crystal had a 500 mm radius of curvature, First-order reflections were recorded on photographic 
film, The Ka, 2 tines of iron were used as reference, In this region, the instrument produced a dispersion of 

2,6 X/mm, Since the solid contained a large amount of a relatively heavy element (tellurium), the optimum 
absorber thickness had to be chosen very carefully toensure good resolution of the structural details in the spectra, 
We found out that to get a well-resolved fine structure of the absorption edge it is best to use absorbers in which 
the specific content of Mn is 4 mg/cm*, Any increase or decrease in the absorber thickness produces a loss of 
contrast at the edge, 


The x-ray tube operated best at 30 kv and 40 milliamp. Exposure lasted 6 hr. In experiments where ab- 
sorption spectra at various sample temperatures were desired, the absorber was deposited on an aluminum foil, 
which was then pressed tightly against a copper ring through which a liquid could be forced under pressure from 
an ultrathermostat, Provided the contact between the aluminum foil and the polished ring surface was good, the 
temperature throughout the absorber would remain constant during the entire exposure period, The temperature 


was recorded (with a precision of 0,2-0,3°C) by a means of a copper-constantan thermocouple tightly pressed 
against the sample, 


The absorption spectra of Mn in MnTe were investigated at five different temperatures in the range from 
280 to 325°K (Ty = 310°K), At each temperature we recorded 3-4 spectra; these were subjected to individual 
photometric measurements,and corresponding points averaged, To check the resolution of our spectroscopic ap- 
paratus, we used it also to record the x-ray absorption of Mn by itself and in KMnO,; the resulting spectra were 
then compared with those obtained by Hanson and Beeman [4] on a double crystal spectrometer with ionization 
gauge recording, The spectra are compared in Fig. 1, In Figs. 2 and 3 we have presented our own experimental 
results, After analyzing these results, we arrived at the following conclusions: 


1, A transition from the metallic state to manganese telluride is accompanied by a considerable decrease 
in the energy of the 4p state of the transition metal, The observed long-wave shift in the corresponding maxi- 
mum on the absorption curve of manganese in MnTe is 5,4 ev 
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2. When MnTe is in the para state, a distinct long-wave “white” line appears in the absorption edge of 
manganese; the line is located very closely to the “region of initial absorption" found in the spectrum of pure 
metal, and practically coincides with the intensity maximum of the “white” absorption band observed in the 
spectrum of this same element in KMnO,, It is now fairly well established [5,6] that in the latter case (KMnO,) 
the appearance of this line in the spectra of manganese is somehow connected with the transition of photoelec- 
trons into the region of hybridized 3d states of Mn in the compound, 


3, As one approaches the Néel point with MnTe still in the para state, the “white" absorption line in the 
spectrum of manganese smoothly declines in intensity, which indicates that the probability of the corresponding 
electronic transitions gradually decreases, It is conceivable that this decline is somehow connected with the 
smooth (linear) change in the crystal lattice parameters of manganese telluride (previously detected in this 
temperature range [2,3]), and the corresponding decrease in the c/a ratio of the hexagonal lattice, 


4, When the Néel temperature is passed, the long-wave “white” line in the absorption spectrum of the 
transition metal either disappears entirely or is greatly reduced in intensity, On the other hand, the position and 
the relative intensity of the first absorption maximum, which is connected with the transitions of the photoelec- 
trons of the absorbing atom into the 4p states of the metal, remain about the same in the compound as in pure 
metal, and also remain unchanged after transition through the ferromagnetic Curie temperature [7,8]. 


And thus our new results are in good agreement with some of our earlier observations [1] and conclusions 
regarding the influence of antiferromagnetic alignment in compounds on the fine structure in the x-ray absorp- 
tion spectra of the transition-metal components of such compounds as MnTe, With regard to the theoretically 
important questions: to what extent are tellurium atoms involved in interactions between the manganese atoms 
in antiferromagnetic MnTe, and whether one can apply to this case the criteria developed to account for the 
role of oxygen in antiferromagnetic crystals of transition-metal oxides, all we can say is that they cannot be 
answered at the present time strictly on the basis of the available experimental data but will require additional 
research, 
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One mathematical theory for the combustion of powders has already been proposed by Ya. B, Zel'dovich 
[1]. The theory was good for very high pressures, when the evolution of heat in the solid phase (s-phase) can be 
neglected in comparison with the heat generated in the gas phase (g-phase), and when the combustion is con- 


trolled by reactions in the g-phase. In the present paper we are going to extend the theory to cases involving 
combustion at low pressures, 


We will assume a three-stage model for the combustion process (stages «, 8, and y ), A coordinate system 
is chosen in which the flame is stationary, The process of stationary flame propagation by thermal diffusion in 
the ith stage can be described by the following system of equations: 


UT" — + (n, T) = 90, (1) 
pDjn" — mn’ — f; (n, T) = 0. (2) 
where T(y) is the temperature, n(y) is the ratio of two dimensionless concentrations of the reactant, Xj and Dj 


are the thermal conductivity and diffusion coefficients respectively, cj is the heat capacity, Q; is the heat of 


reaction, f;(n,T) is the over-all rate of the chemical reaction, m is the rate of combustion (by weight) in the 
powder, and pj; is the density, 


Stage & (s-phase), Let us assume that Dg = 0, and that the over-all reaction rate is independent of pres- 
sure, Equations (1) and (2) yield the first integral: 


= Cait (Ts — To) — AaTs =Cam (T; — Ta) (3) 


where T, (the temperature at the surface of the s-phase) is a parametric function of pressure p and initial temp- 


erature To; Qg = Ca (Ts;— To), where Ts, is the surface temperature during flameless combustion [2] (where the 
flow of heat from inside the g-phase is negligibly small), 


The mass combustion rate can be determined by integrating the thermal conductivity equation (1) (with 
i = ©) and respecting the following boundary conditions: 


y=—o, T=To (T'(— ~) = 0); 


(4) 
y=0, T=7T,;, Nal's = Cam (Ts; — Ts). 


To be more explicit, by using the approximate method of Ya, B, Zel'dovich and D, A, Frank-Kameuetskii 
[4], we can determine the mass combustion rate as a function of the physical constants of the s-phase, 
RT? 


E,/RTs 
(27, —T., — To) 


(5) 


m? = 


Bd 
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where 5 is the density of the powder, kg is a frequency factor, and Kq is the thermal conductivity of the s-phase, 


Equation (5) is identical with the formula derived by A. G, Merzhanova and F, 1, Dubovitskii [5]. The 
width of the combustion zone in the s-phase can be determined by solving the following approximate equations: 


ha 0,057 
(6) 


We cannot get an expression for the linear combustion velocity as a function of pressure, since Eq. (5) in- 
cludes the surface temperature T,, a still unknown function of pressure; in order to get m = m(p) and T, = T,(p), 
we will connect the combustion rate with the physicochemical functions in the 6 -stage. 


Stage 8, Let us assume that the over-all reaction in this stage is exothermic and leads to incomplete com- 
bustion products (NO, CO), At low pressures this is the terminal stage in the combustion process, We will denote 
the maximum temperature achieved at this stage by Ty. At high pressures, the flame stage (stage y ) begins to 
exert an influence on the processes taking place in the B-stage, and a temperature T, > Ty, arises at the bound- 
ary separating stage 8 from stage Y. Let us assume that T, (just as Ts) is a parametric function of p and To. With 
the help of a commonly used assumption that Dg = Ag/cg pg. we get a first integral from the system of equations 
(1) and (2) (with i= 8), 


(7) 


(this is the Ya. B, Zel'dovich integral), 


By integrating Eq. (1) for i= 8 and applying the following boundary conditions; 
y= 0, T=Ts, = cam (Ts —Ts); 


(8) 
y=y1, T = = cgm(T, —T,), 
we can get an expression for the mass rate, 
Using the method given in [4], we finally get: 
vat 
B\"B E vp—-1 p \*B 
3 — e—Ep/RT1, Zp = (9) 


Equation (9) expresses the mass combustion rate as a function of the physical constants in stage 8. In in- 
tegrating, we assumed the usual expression for the over-all chemical reaction rate 


where [lg is the average molecular weight, v g is the over-all order of reaction, Eg is the effective activation 
energy, a, is the relative concentration of the reactant at the surface separating stage 8 from stage y during 
flameless combustion, and a, is the relative concentration when the g-phase exerts some influence on the proc- 
esses taking place in the s-phase, 


In deriving Eq. (9) we assumed that a, = agy. 


The width of the combustion zone in the stage B can be determined from the equation 


Ti—T,, (11) 
T,— 
Stage y (flame stage), In this stage, we have an exothermic reaction between the reaction products of the 


B-stage, mainly NO and CO, Assuming Dy =Ay/cypy. we get n = = Integrating Eq. (1) (with i = 7), 
1 


Tay 
and maintaining the boundary conditions 
y=m, T=T,, = cam (T, — Ti); 


y = +o, T =Ta(T' (4+ 0) = 0), 


(12) 


« 

a T1—T 
f 
a = = 
Sl 1 
i 
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we get the equation 
(Pa Fir) Pa — RT 


The width of the combustion zone in the flame stage is given by the equation 


n 


With increasing pressure,T, and m increase,and consequently the combustion zone becomes narrower. In 
the limiting case when T, ~ T,, the combustion will take place in only two stages, This limiting case will 


probably be found in cases where the combustion of powders takes place under very high pressure and the flame 
is very close to the surface of the s-phase, 


kg/cm? | TK Jem cm 


3.0 0.56 | 0.0049 
10.0 0.58 | 0.0048 
44.0 0.67 | 0.0044 
1.2 0.74 | 0.0041 


6.2 0.58 | 0.0055 
19.5 0.353 | 0.0053 
71.0 0.87 | 0.0042 


122 
63.4 
26.2 
19.0 


139 
71.2 
29,4 


Equations (5), (9), and (13) essentially provide a solution of the problem inasmuch as they make it possible 
to evaluate the functions m = m(p, To), Ts = Ts(p, To), Ty = Ty(p, To). The calculations can be simplified con- 
siderably if we limit ourselves to the case of combustion at very low pressures, where the effects of the flame 


stage (T, = Ty) can be neglected, For this particular case, the pressure coefficient kp and the temperature co- 
efficient ky can be expressed in the form: 


Rp = m—T, E 


> E y 
(‘ OT ), 4 (1 6) 


An examination of Eqs, (15) and (16) reveals that as T, (or pressure) increases so does kp; when A < 1, 
the temperature coefficient ky increases with T,, while if A > 1 it decreases with increasing T,. The param- 


eter A is equal to 


Using the equations just derived, we carried out a series of calculations for the case of powdered nitro- 
glycerin, The composition of this powder and experimental data pertaining to its combustion have been ater ee 
in [6]. The following data were used in our calculations: T,, = 700°K, Eq = 32,000 pry mole, 6 = 1.6 g/cm’, 


Cq =Cg = 0.35 cal/g deg, Ty, = 1085°K, Eg = 21,000 cal /mole, Aq = XB =4+10‘cal/cm *sec g = 
= 27 g/ mole, kg = 0.93 10" sec", and vg = 1. 


(17) 


To simplify our calculations, we replaced the exact equation (5) by the following approximate expression: 


V = s where Bz 0,875-10' cm/sec. 


The results of our calculations are tabulated in the table, 


(13) 
0.2 756 
0.4 808 
1.0 890 
1.4 924 
0.2 756 
808 
1.0 890 
|| 
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The problem of electrical conductivity in alkali-free silicate and borate glasses is of considerable theo- 
retical and practical importance, particularly in connection with electrical insulating technology, Whereas ex- 
perimental evidence leaves no doubt as to the ionic nature of conductivity in alkali silicate and borate glasses, 
there is a great divergence of opinion concerning the nature of charge carriers in alkali-free glasses, As is well 
known, the most reliable technique for determining the nature of charge carriers in solid glasses has been devised 
by Tubandt [1-3]: It involves determining how well Faraday's law holds, If, however, the investigated glasses 
have a very Low specific conductance (as is the case in alkali-free glasses of the type mentioned above), one 
cannot safely rely on the accuracy of the results obtained by this method, 


That quite a number of workers [4-7] have arrived at entirely conflict- 
ing conclusions, when they relied mainly on experiments in which electrical 
conductance was studied as a function of composition, is not at all surprising, 
since the method cannot distinguish between ionic and electronic conduct- 
ance in alkali-free glasses, 


In order to establish the nature of charge carriers in these glasses, we 
decided to use a method which had not been previously tried on such cases: 
The experimentallydetermined electrical conductance is simply compared 
with the conductance calculated from diffusion coefficients (which can be 
determined by means of radioactive isotopes) using Einstein's equation [8,9]. 
Einstein has derived a general equation connecting diffusion with electrical 


= l 
70 mole % p 2 
20-30 0 BaO conductance: D Nae?’ where D is the diffusion coefficient in cm*/ sec, 


Specific electrical conduct- kK is the specific conductance in ohm! + cm*!, n is the transference number 

ance isotherms for glasses of of the diffusing ion, k is the Boltzmann constant, T is the absolute tempera- 

the BaO— SiO, system, ture in °K, N is the number of ions per 1 cm’, z is the ionic valence, and e 
is the charge of the electron, 


Blow and Fitzgerald [11], and also one of the authors [10], have shown that in alkali glasses the logarithms 
of the electrical conductivities computed from the experimentally determined diffusion coefficients of sodium 
ions do not differ by more than 0,3 units from the logs of directly measured conductances, Since there is no 
doubt about the ionic nature of conductance in alkali silicate glasses, then, if we should get good agreement be- 
tween the directly measured conductances and those computed from diffusion coefficients, the problem of what 
the charge carriers in alkali-free glasses are would be solved conclusively, In cases where we have electron con- 
ductance, the specific conductance computed on the assumption of ionic mobility should differ by several orders 
of magnitude from that measured directly; this has indeed been found to be the case in calcium vanadate glasses 
(18 mole% CuO and 82% V20s). 


| 
| 


In accordance with what has just been discussed, our problem involved the following steps. 


1, The electrical conductance of selected alkali-free glasses had to be measured over a wide range of 
temperatures, 


2. The diffusion coefficients of ions (all potential charge carriers) had to be determined, 


3. The experimentally determined electrical conductances were then compared with those computed from 
diffusion coefficients (using Einstein's equation) in order to deduce the correct conductance mechanism, 


We selected for our work barium silicate glasses, since they remain as glasses over a wide range of temp- 
eratures, Glasses containing 30, 40, and 50 mole% BaO were prepared by fusing pure BaCOy with carefully picked 
sand in 6-liter quartz crucibles at 1550°C in a high-frequency furnace.* The specific conductance was measured 
in the usual way in the 350-650°C temperature range, by means of a model MOM=4 megohmmeter, 


The experimental data are recorded in the figure, The figure shows that within the investigated tempera- 
ture range, the specific conductance increases substantially with increasing BaO content, In one of the glasses 
(50 mole% BaO, 50% SiO,) we also determined the diffusion coefficients of Nat and Bat* at 655°C, The choice 
of glass and of such a high temperature was not intentional, but was forced upon us by the low diffusion coeffi- 
cients of these ions, The diffusion coefficients were determined with the help of Na” and Ba™ tracers by using 
the method in which successive thin layers of glass are ground away [12,13], 


Let us compute what the electrical conductance of our glass would be if only Ba** ions served as charge 
carriers, We will write Einstein's equation in a slightly different form: 
Np, 


XBa = kT = T = 


7,2-10-15.4 ,1-1022-(2 + 1)-10-! 
= = (1,7 0,8): 10°? ohm”! emt, 


where k p, is the glass conductance if Ba** ions are assumed to be the charge aapraice DBga is the experimentally 
determined diffusion coefficient of Ba**, and Nga is the Ba** concentration per 1 cm’ of glass, 


In precisely the same manner, we will compute what the electrical conductance of the glass would be if 
only the Na* ions still present in the glass as an impurity acted as charge carriers, A chemical analysis indicated 
that the Na,Ocontent did not exceed 0,02 weight %, Consequently, 


r 928 
= (5,8 + 3)-10-"! ohm™!- 
The experimentally determined diffusion coefficients of Na* and Batt at T = 655°C in a glass containing 


50% (mole) BaO and 50% SiO,, and the electrical conductances calculated for this glass from these data, are 
shown below, together with the experimental value of conductance: 


D,,, em’/sec Dy,,cm/sec  —lexy, 
(241)-1072 6,840,2 10,340,3 6,340.2 


These results clearly show that the difference between the experimentally determined electrical conduct- 
ance {k exp ) and the one attributed to Ba** ions (k ga) lies entirely within the range of experimental errors, where- 
as that re to Na* ions (x yj) differs from k exp by almost 4 orders of magnitude, 


Thus, after comparing the electrical conductances computed from experimentally determined diffusion co- 
efficients with the conductance measured directly, we are obliged to conclude that it is barium ions which are 
responsible for the transfer of electricity in alkali-free barium silicate glasses, 


It is obvious that these results can also be extended to other alkali-free silicate glasses containing oxides 
of divalent metal ions, 


*The authors want to thank E, V. rodushko for his assistance in carrying out this high-temperature fusion, 
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And thus we have successfully established that, although the alkali ion impurities have mobilities com- 
parable with those of barium ions in alkali-free barium silicate glasses, their contribution to the total conduct- 
ance is rather small due to their low concentration, The principal carriers of electrical current in alkali-free 
barium silicate glasses are the barium ions, 
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All the available experimental data [1-4] indicate that the absorption of radiation by water molecules 
constitutes the primary step in the radiolytic oxidation of benzene dissolved in water, Such an “indirect™ action 
of radiation may either proceed by means of a direct attack on benzene by the activated species (free radicals 
and excited molecules), which result from the radiolysis of water and diffuse through the solution until they en- 
counter a molecule of the solute, or it may involve a direct transfer of excitation energy to the benzene mole- 
cule by having the corresponding energy quanta migrate through water, 


There are grounds for believing that in the benzene— water system both of these “indirect” action mechan- 
isms are involved, The formation of certain reaction products, the fact that molecular oxygen apparently affects 
the reaction yield (at moderate temperatures), and the noticeable, though not pronounced, temperature depend- 
ence of the radiolysis yield [5]. all would tend to favor the first mechanism. In support of the second mechanism, 
we may cite the formation of muconaldehyde in the presence of oxygen [6,7]. 


Several workers [2,8,9] who have investigated the radiolysis of aqueous solutions of aromatic compounds 


have also proposed another mechanism in which the hydrogen atoms and hydroxyl radicals formed by the radiolys- 
is of water add to the benzene ring. 


The water-insoluble compound which is formed alongside phenol when the benzene— water system is ra- 
diolyzed in vacuo has the general formula C yH]j14|16| 72, and its infrared spectrum indicates the presence of 
aliphatic and aromatic double bonds and of hydroxyl groups [9], Hence, the precipitate contains hydroxyhydro- 
diphenyls and possibly dihydroxydiphenyls, It follows, therefore, that phenyl radicals, which could be formed by 
stripping a hydrogen atom from the benzene ring in one of two ways: 


CoHs OH" -> CoH + H20 
CoHs + H’ + CoH, + Ha, 


do not constitute the primary products in the radiolysis of benzene dissolved in water, as was wrongly assumed by 
Stein and Weiss [3]; instead, it is the radicals formed by the addition of OH « and H « radicals to benzene (C,H; * 
and CgH,OH *) that recombine to yield the insoluble compound mentioned above, 


In this work, we investigated the radiolysis of benzene in the presence of D,O, hoping that this new ap- 
proach might elucidate the mechanism of benzene oxidation and help confirm some of the above-discussed hy- 
potheses, The following considerations led to the choice of experimental method, If the addition mechanism 


| 


holds for both the H * and OH * radicals, then both the HO — groups (the hydrogens on which exchange freely 


with water molecules) and the we — H groups (which do not exchange hydrogen in the absence of high-energy 
radiation [10]) should contain deuterium atoms, After benzene is radiolyzed in the presence of heavy water, the 
insoluble product is treated with a solvent which contains a hydroxyl group of normal isotopic composition; once 
the deuterium is "leached" out of the OD group in the precipitate and the amount still left behind is determined, 
one can establish how many CH bonds in the product are replaced by CD bonds, and determine by difference the 
number of deuterated OH groups. The ratio between the concentrations of deuterated OH and CH groups can 
serve as an indication of the relative probabilities of OH * and H « addition to a benzene ring if the addition 
should proceed through the mechanism proposed above, On the other hand, if phenyl radicals are produced dur- 
ing the reaction, some deuterobenzene should also be formed by the recombination of phenyl radicals with 
deuterium radicals, By determining the deuterium content of unreacted benzene, we can provide indirect evi- 
dence for or against the mechanism of Stein and Weiss, 


Experimental 


Mixtures of benzene and heavy water were exposed to a Co™ source with the y -radiation intensity being 
170 rad/sec; exposure lasted 250 hr; the original deuterium content of water was 26,7 at%. Prior to each 
experiment, both the water and benzene were carefully purified. The aqueous phase (which contained dissolved 
benzene) exposed to radiation had a volume of 95 ml, while the benzene layer over it had a volume of 15 ml, 
All experiments were carried out in sealed glass tubes. Before exposure, the solutions were thoroughly degassed 
by repeated freezing and melting in vacuo, The white-colored product which had formed together with phenol 
in the aqueous phase was separated from the bulk of solution by prolonged centrifugation as described before [2]. 
The isolated product (1.0-1.2 g) was dried in a vacuum desiccator and separated into three samples, In the first 
sample, the deuterium content was determined without any prior chemical treatment, The second sample was 
weighed, dissolved in ethyl alcohol, the solution evaporated to dryness, fresh alcohol added, and the entire proc- 
ess repeated (14 times, using 5 ml aliquots) until all the deuterium bonded to oxygen was “leached out" by iso- 
topic exchange with alcohol, The "leaching" was assumed to be complete when further treatment with alcohol 


’ failed to change the deuterium content of the compound, After the last solution was evaporated to dryness, the 


residue was weighed and the concentration of deuterium remaining in it (bonded to carbon) was determined, The 
third sample was treated several times with an aqueous solution of sodium carbonate and washed with water. 
This treatment was designed to remove small amounts of phenol which might have been adsorbed on the solid 
(the bulk of phenol remains in solution), Moreover, this treatment would also “leach out” the deuterium attach- 
ed to oxygen (OH group), The resulting powder was weighed and its deuterium content determined, 


In addition to this, we also investigated the deuterium content of unreacted benzene, The benzene was 
pyrolyzed over hot copper oxide in the presence of excess oxygen; the resulting water was purified and its isd- 
topic composition determined by the drop method [11]. We analyzed each sample three times and took the 
average value, Deuterium could be determined with an accuracy of 0,02 at%. 


Experimental Results 


Our experimental results are presented in the table, The data indicate that the insoluble product which is 
formed along withphenol by the radiolytic oxidation of benzene in the presence of heavy water contains not only 
deuterated OH groups, but also has some deuterium attached to the aromatic ring. After the deuterium attached 
to oxygen is completely “leached" out of the compound by repeated treatment (and subsequent evaporation) with 
ethyl alcohol, the deuterium content of the product declines to about one third of the initial value. Hence, the 
ratio of deuterated OH groups to deuterated = CH groups is about 2:1, 


The fact that no deuterium was found in the benzene recovered from the irradiated mixture indicates that 
the radiation dosages used and the experimental conditions do not lead to any direct isotopic exchange between 
benzene and water, Therefore, the deuteration of aromatic double bonds in the benzene oxidation product could 
not have been produced by a simple isotopic exchange between benzene and water followed by a reaction of the 
deuterobenzene, The presence of deuterium in the aromatic ring of the product can be explained by assuming 
that a deuterium atom (created by the radiolysis of heavy water) adds to a benzene molecule, and the resulting 
deuteroradical CgHgD * then dimerizes, The hydroxyl groups are similarly formed when OD ° radicals add to 


benzene,and the resulting radical CgHgOD * undergoes further reactions (same as CgHgD *), terminating in the 
formation of the insoluble compound or phenol, 
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Data from the Radiolysis of Benzene in the Presence of Heavy Water 


Atomic% Weight, g 
D before after 
treatment treatment 


Compound 


Solid radiolysis product, 
freshly isolated 1.1585 
Solid product after treatment 
with alcohol* 3.8 0.3762 
Solid product after treatment 
with Na,CO, 3.8 0.3941 
Benzene** after radiolysis 0.0 


* After additional sixfold treatment, the deuterium concentration 
still remained 3,8 at%. 
* *Before pyrolysis, the benzene was dried and purified, 


Since no deuterated benzene was found, no phenyl radicals could have been formed under our experiment- 
al conditions; otherwise, these radicals could not have avoided recombining with deuterium atoms (known to be 
present in solution) to form deuterobenzene. 


Our experimental data provide unequivocal evidence in favor of a recently proposed [2] mechanism for the 
radiolytic oxydation of benzene in aqueous solution; according to this mechanism the hydrogen and hydroxyl 
radicals formed by the radiolysis of water add to benzene yielding the radicals CgH7 * and CgH,OH °, respectively, 
and these can then recombine in various ways to give the different oxidation products, In addition to this, the 


2:1 ratio between the number of deuterated OH and =C—H groups clearly indicates that the CgHgOD * radicals 
are formed about twice as fast as are the CgHgD * radicals; this could, of course, be attributed to the fact that hy- 
drogen atoms combine much more readily to form hydrogen molecules than do hydroxyl radicals to form hydro- 


gen peroxide, 
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This work was a part of a general study of the radiolysis of n-alkanes in the adsorbed state; the choice of 
n-heptane was dictated by the fact that the homogeneous radiolysis of the compound has already been investigat- 


ed quite exhaustively [1-3]. 


mm 4,0 
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Fig. 1. The increase in gas pressure 
(relative to 1 g of heptane) as a 
function of the catalyst : heptane 
electron ratio (8 ); the plot is for 
catalyst II, 


Fig. 2, Kinetic curve for the ra- 
diolysis of heptane on catalyst I, 


TABLE 1 


Description of the Catalysts Used in Our Work 


Cata- 


lyst 


Composition, 
weight % 


Dry wt., 


g/cm* 


Millimoles 
heptane in 
single layer, 
perl g 
Catalyst 


IV 


Al,0; 100 


Al,0, 90 
Cr203 8 
K,0 2 
Al,O3 87 
10 
Alkali 
sulfates 3 


Al,O; 79 
MoO, 15,5 
CoO 5,5 


0.721 


0.650 


0,526 


0.678 


This type of a kinetic investigation was first undertaken by 
L. V. Pisarzhevskii in 1936 [4], In 1959, Allen and co-workers 
studied the radiolysis of adsorbed n-heptane over a wide range of 
surface coverage 9 < 1, The found that with increasing @ the yield 
of Hz, + CH, increases by a factor of 2-4, They concluded that the absorbed radiation energy becomes redistri- 
buted between the solid and the adsorbed hydrocarbon, They assumed that the energy transfer is somehow con- 
nected with the migration of free electrons or holes [5], 


We investigated the y-ray radiolysis of n-heptane on the following catalysts; aluminum oxide (I), alumino- 
chromium oxidedoped with potassium oxide (II), aluminomolybdenum oxide (III), and aluminocobaltomolybdenum 
oxide (IV). Most of the pertinent information about these catalysts is given in Table 1, 
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0.846 
0.836 0,881 
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TABLE 2 The preparation of samples has been described in [6], 
while the experimental procedure is given in [7]. We studied 


the radiolysis kinetics of n-heptane on catalyst (II) over the 


k AP rel entire range of @ = 1, and also for the case of multilayer ad- 
Catalyst esol wyw'n| 7 sorption. On all other catalysts, only the case where a mono- 
———_—__—_}—_+-}--——_-+— molecular layer is adsorbed (0 = 1) was investigated. We 
Homogeneous 1.0 would like to point out that heptane was adsorbed at t ~ 10°, 
system = , and the adsorption was fully reversible, Consequently, con- 
4 sidering also that the heat of adsorption of heptane differs 
HI 3.36 1.7. | 0.026 very little from its heat of condensation, there could not have 
IV 2.42 3.6 | 0.073 been any chemisorption (in the usual sense of the word) in the 


experiments studied by us here, 


In Fig. 1 we have plotted the increase in gas pressure AP (with reference to 1 g of heptane) as a function 
of the catalyst: heptane electron ratio for catalyst I, The measurements were quite reproducible, and the 
spread of AP values shown in Fig. 1 was not too large, The line shown in Fig. 1 breaks at a point corresponding 
to a monomolecular layer, It is obvious that the curve can be used for the determination of the specific surfaces 
of catalysts. 


In Table 2 we have compiled the AP;e} values for monomolecular layers on various catalysts, The appro- 
priate value of AP during homogeneous radiolysis was used as a reference point (unity), 


Figure 2 shows the kinetic radiolysis curve (typical for the investigated set of catalysts) for heptane on 
catalyst I; this curve is a continuous plot of AP = f(t) obtained by means of an automatic recorder EPP-09, The 
initial curvature is quite apparent in this figure. In experiments where the catalysts were exposed to radiation 
prior to the adsorption, the yield of gaseous radiolysis products was considerably lower, Thus, for example, the 
value of AP;e} on catalyst I was reduced from 12,7 to 5,1, and on catalyst II from 2,0 to 0,27,* 


We would now like to make several comments in connection with the data reported above, 


The linear dependence between the radiolysis yield (AP) and the catalyst:heptane electron ratio (6 ) in the 
range of 0 values from a monomolecular layer to a homogeneous system is consistent with the fact that the 
catalyst can only transfer its energy to a single adsorbed layer (the first layer), and hence the radiolysis rate in 
all successive layers should be the same as in a homogeneous system, The fact that in the range of 9 < 1 the 
yield increases with increasing surface coverage indicates that the amount of energy transferred from solid to a 
compound adsorbed on its surface is directly proportional to the fraction of surface covered, 


The catalytic effect varied considerably from catalyst to catalyst, It is interesting to compare our current 
results with the data previously obtained by us from a p,m.r, study of these systems [6], The most active catalyst 
turns out to be the one which yields the same p.m.r, spectrum when irradiated with or without the adsorbed hydro- 
carbon on its surface, And the catalytic activity in these experiments declined in the same order (I > IV > II > 
> III) as the difference between the p.in,r, spectra recorded under these two conditions increased (see Table 2), 
Electrical conductance measurements also showed that changes in the conductance were accompanied by parallel 
changes in the p.m.r. signal intensities, 


The nonlinear initial section of the kinetic curve (Fig. 1) and the greatly reduced radiolysis rate on pre- 
irradiated surfaces may both be due to the formation of some acceptor centers (excitation or charge) in the solid, 
The already discussed p.m.r, study showed that the intrinsic signal from the catalyst becomes saturated at dosages 
well below 6 Mrad; Kitaigorodskii's data [8], which can be treated in about the same manner, indicate that the 
dosage at which the defects in a molecular crystal of p-dichlorobenzene become saturated cannot exceed 0,5 
Mrad, 


We would like to point out that the radiolysis rate on catalyst (I) after the sample had been exposed to ra- 
diation still remains greater than the homogeneous radiolysis rate, whereas in the case of catalyst (I) under 


*The pressure increase data given here and above were obtained over a period of 1 hr, well beyond the nonlinear 
portion of the curve, Catalysts (I) and (II) were exposed to radiation for 0.5 hr and 1 hr, respectively, prior to the 
adsorption experiment, 
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similar circumstances the rate drops below the homogeneous radiolysis rate, In thermocatalytic reactions, 
catalyst (I) becomes more active after being exposed to radiation [9], while other catalysts (for example, ZnO) 
become less active [10,11], It secms that impurities which can absorb some of the excitation energy play a very 
important role in determining how sensitive a catalyst will be to radiation, The elemental composition of our 
catalysts remained unchanged after the exposure to y-rays. Therefore, it is reasonable to conclude that the ex- 
tent of energy transfer from the catalyst to the adsorbed material depends on the amount of impurities. Since 
the increased yield of radiolysis products reflects only the amount of energy absorbed in excess of the amount 
absorbed directly (as if homogeneous) from outside, this energy can only come from the solid which under our 
experimental conditions absorbs a very large fraction (99.9%) of the total radiation energy. One therefore has 
to assume that the electron-wave functions of the adsorbed molecules and of the adsorbent lattice overlap to 
some degree, and hence the forces binding these molecules to the surface depend, at least in part, on an ex- 
change interaction, 


We also found that the saturation dosage and the form of the initial portion of the kinetic curve depend 
considerably on the general preliminary treatment of the catalyst, A relationship between the radiation sensi- 
tivity and preliminary treatment of catalysts has also been observed [9]. Depending on their composition, the 
impurities may render a catalyst either more or less sensitive to radiation, 


We will now compute the probability for the transfer of energy from the catalyst to the adsorbed compound 
by assuming the following rate mechanism, We will consider the following processes; 1) Xaqg,~~~> X* (direct 
absorption of radiation by the adsorbate); 2) X* — X (any deactivation process except a chemical reaction); 3) 
X* — products (chemical reaction); 4) catalyst ~~ catalyst* (energy absorbed by the catalyst ); 5) catalyst* > 
~ catalyst (any form of energy dissipation except by transfer to the adsorbate); 6) catalyst* + X,q, > catalyst + 
+ Xaqse (energy transfer to the adsorbate), 


These processes take place at the following rates: 


Wi = R10; Wa = ka Ws = ko (X°); Wa = 
Ws ks We=k, (DIO, 


where [D] is the concentration of elementary excited sites in the solid 


[ID] = 


andW.5 = kel 


ks +- Ref) 


ko + ks 


[X*] = 


Neglecting any differences between bond energies of the adsorbed molecules located at the surface and 
those in inner layers (see below), we can write the following expression for the rate of homogeneous radiolysis: 


When 0 = 1 we get 


where € is the ratio of the radiation energy absorbed by 1 cm? of heptane to that absorbed by the catalyst. 


whence 
k kal 
W = ka + ks 
| | 
| 
kg kg / 
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The W;/W3 ratios were determined experimentally, Using the known densities and the effective atomic 
numbers of heptane and the catalyst, we computed € (for a given radiation intensity) by the method described 
in [12]. ky/kg 1, since in both cases we were interested solely in excitation energies in excess of the bond 
energies, Solution of the last equation yields the ratio ks/ kg, from which the distribution probability of the ef- 


fective energy Z = re can be computed, The calculated values of Z are listed in Table 2, 


The calculated values of Z are only as accurate as are the experimentally determined values of Ws/W3 , 
namely to within + 5%, 


We would like to point out that our Z values are somewhat too large due to the fact that molecules in 
inner layers have bond energies slightly different from those of molecules located on the surface, But the heats 
of adsorption of paraffins on these catalysts constitute only a small fraction of the bond energies,and we were 
unable to detect any correlation between the heats of adsorption and the radiolytic activity of our adsorbers, 
Hence ,one may safely assume that the computed values of Z are entirely satisfactory, 


We would like to thank V. V. Shchekin and A, L. Klyachko for carrying out the adsorption measurements, 
and Yu, L. Khait for helpful discussion. 
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The ion-exchange properties of various resins undergo radical changes when one switches over from aqueous 
to mixed or pure organic solvents, 


One of the principal causes for the changed kinetics and statics of ion-exchange processes resides in the 
fact that the resin itself has different properties in different solvents, Cation-exchange resins in their hydrogen 
form can be regarded as insoluble concentrated polybasic acids under a certain swelling pressure, Hence, vari- 
ous solvents and their mixtures should have a direct effect on the strength of these acids, 


For our study we selected a cation-exchange resin which contained only carboxylic ionogenic groups, The 
solvent system consisted of water and methanol mixed in various proportions, The choice of system was motivated 
by certain practical considerations, Aqueous methanol solutions of various acids have already found widespread 
use in the elution of many complex organic ions from carboxylic resins,and in many cases the optimum condi- 
tions had to be determined by trial and error, The study of these systems is of a certain theoretical value too, 


since it might lead to a better understanding of the differences and similarities between high molecular weight 
acids and normal monocarboxylic acids in similar solvents, 


The relationship between the strength of this ion-exchange resin and the composition of the surrounding 
medium was investigated by means of potentiometric titration. 


Experimental Methods 


The cation-exchange resin was prepared by the alkaline saponification of the copolymer of methylmeth- 
acrylate and divinylbenzene (DVB), The preliminary treatment of the resin and the method used for measuring 
the pH of water— methanol mixtures have already been described in full detail [1], The pH readings in water— 
methanol mixtures were standardized with reference to the pH of HCI at infinite dilution in similar mixtures, 


All the ionic adsorption data are given with reference to 1 g of dry resin in the hydrogen form, In water 
the resin (in its H-form) had a specific volume of 2,5 ml/g. 


The experimental data were obtained by three different titration methods, The first method was devised 
by Kunin (2]; the second method involved a direct titration of the solution in the absence and in the presence of 
a weighted amount of resin, Both methods yielded identical results when used for the determination of resin 
capacity vs, the pH of the external solution; this was true for all the methanol concentrations, The titration 
curves for the cation-exchange resin in various solvents are shown in Fig. 1. 


The H—Me exchange on carboxylic resins proceeds very slowly in pure water, We have previously shown 
that the exchange rate rapidly declines even more with increasing methanol concentration [3]. 


7 


In order to demonstrate conclusively that the recorded pH readings rep- 
resented true equilibrium values, the titration curves for each water— metha- 
nol mixture were recorded by starting from both the hydrogen and the salt 


form of the resin, In each given mixture the two curves were mirror images 
of each other, 


In addition to the two methods mentioned above, we also developed a 
new rapid method of recording a set of potentiometric titration curves for a 
carboxylic cation-exchange resin in mixed and nonaqueous solvents, The 
method involved the determination of the equilibrium pH of the external 
solvent in systems consisting of cation-exchange resins at various degrees of 
neutralization submerged in aqueous organic solvents of known ionic strength. 
Resin samples with varying fractions of hydrogen ions substituted by metal 
ions were obtained by adding calculated amounts of aqueous alkali to weighed 
samples of the resin in the H-form, When the exchange was over (in about 
1-2 days), the water over the resin was decanted, and the resin was then sub- 
merged in a fixed volume of mixed solvent in which a known concentration 
of an inert salt was dissolved, The pH was determined several times at daily 
intervals to make sure that the values were constant, From the measured pH 


pH 
Fig. 1. Titration curves for 
the cation-exchange resin ; 
= 965 N: 1) in H,O; 
2) in 40% CHsOH; 3) in 60% 
CH,OH; 4) in 95% CH,OH. 


or values and the known degrees of resin neutralization we constructed a titra- 
1 tion curve, To avoid any absorption of carbon dioxide from the air and con- 

st sequent pH shift, it is advisable to carry out the experiments under nitrogen, 
When the first two methods were used, carbon dioxide was also rigorously ex- 


cluded, 


By transferring successively each one of the partially neutralized ca- 

% 2 tion-exchange resin samples from a mixture of one composition into that of 
6 another, and measuring the equilibrium pH in each one, we can obtain with- 
in a brief period of time a complete picture of the changes which take place 

in the acid — cation-exchange resin system when the surrounding medium is 

changed, This method is particularly advantageous whenever the exchange 
Se ae eee process is very slow in a given medium, The results obtained by this method 
p a2 4 a. ag were in full accord with those obtained by Kunin's method, 


Fig. 2. pH of external so- 
lution as a function of the 


Experimental Results 


degree of neutralization o; 
= 0-1 N, 60% CH,OH. 
1) Cation-exchange resin; 


A typical curve showing the relationship between the degree of neutral- 
ization of the cation-exchange resin and the pH of the surrounding solution 
is shown in Fig. 2. If we compare this curve with the neutralization curve of 


a monocarboxylic acid titrated in the same solution, we can see right away 
that the neutralization curve of the cation-exchange resin has a greater slope 
than the corresponding curve of a soluble monocarboxylic acid, The reason 
that the curve of the three-dimensional weak electrolyte has a greater slope is that as we neutralize the cation- 
exchange resin the resulting negative field renders the detachment of protons from the remaining carboxylic 
groups more and more difficult. This electrostatic effect shifts the neutralization curve of the ion-exchange 
resin toward higher pH values (relative to the monomer curve), The more extensively neutralized the cation- 
exchange resin, the more pronounced is the electrostatic field effect, 


2) CHyCOOH, 


The effect is reflected in the gradual weakening of the insoluble polyacid as more and more hydrogen ions 
on'the resin become replaced by metal ions, This behavior is very similar to the stepwise decrease of the suc- 
cessive dissociation constants of a polybasic acid, N. A. Izmailov has reported a similar decline in the exchange 
constants of macromolecular silicic acids when hydrogen is replaced by metal ions [4,5], In a series of papers 
[6-8], Katchalsky and co-workers studied the titration curves of soluble carboxylic polyacids and of strongly 
swelling gels, and developed a theory for the processes taking place in such systems, Unfortunately, their results 
cannot be extended directly to other cases and used to predict the behavior of real carboxylic cation-exchange 
resins, since the theory was derived only for gels which could be regarded as diluted polyelectrolytes, Nobody 
doubts that the factors considered in a theory developed for very strongly swelling gels (methacrylic acid chains 
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Fig. 3, The cation-exchange resin 
titration data represented by the 
Henderson equation; C; jc} = 0.5 N: 
1) in H,O; 2) in 40% CH,OH; 3) in 
60% CH,OH; 4) in 95% CH,OH. 


07 a07 

Fig. 4, pK of the cation-exchange 

resin (1) and the pK of CH,OOH 

(2) as a function of 1/D; C) jc) = 

=0.1 N. 


cross- polymerized with divinylbenzene) are also important in the 
titration of real carboxylic cation-exchange resins, Unfortunately, 
the titration of real ion-exchange resins is not well understood at the 
moment, So far, all the investigators in this field have made use of 
only the experimental data [9, 10]. To give a measure of the acid 
strength of a cation-exchange resin, it is now customary to use the 
average or apparent dissociation constant of the resin, 


To get a better understanding of the effects of surrounding me- 
dium on the acid strength of carboxylic cation-exchange resins, we 
calculated the average or apparent dissociation constant of our resin 
by means of a modified Henderson equation, 


pH = pK —nig*=*, 


where pH represents the hydrogen ion concentration in the surrounding 
solution, pK represents the average dissociation constant of the cation- 
exchange resin (—log K), a is the degree of neutralization of the ion- 
exchange resin, and n is a constant, 


The pK of the cation-exchange resin submerged in water-me- 
thanol mixtures was determined under conditions where the only vari- 
able was the methanol concentration, Figure 3 shows that the experi- 
mental results satisfy Henderson's equation at all the investigated 
methanol concentrations, Regardless of methanol concentration, n 
remained constant and equal to about 1.6, pK increased with increas- 
ing methanol concentration. 


In solutions containing 0, 40, 60, and 95% methanol, the cation- 
exchange resin had a pK of 5,90, 6,35, 6.75, and 7.85, respectively 
(the lithium chloride concentration in solution was maintained at 
0.5 N). 


These data show that with increasing alcohol concentration 


the acidity of the cation-exchange resin declines; the dissociation constants of monocarboxylic acids decline 


similarly in these solutions, 


In Fig. 4 we have shown how the pK of the cation-exchange resin, and the pK of acetic acid [11] depend 
on the dielectric constant of the medium (D), With decreasing dielectric constant, the interaction between the 
resin anion and the oppositely charged H* ion becomes stronger,and consequently the dissociation constant of 


the ion-exchange resin declines, The pK of the resin is a linear function of 1/D of the solution, indicating that 
the dissociation process is fully consistent with Brdnsted's theory [12]. This in turn indicates that within the in- 
vestigated range of methanol concentrations the acidity of the solvent contained in the resin phase remains un- 


changed, It is quite possible that even in a solution containing 95% alcohol, water is still predominantly adsorbed 
on the resin, 


When the ionic strength of the surrounding water— methanol solution is increased, the pK of the cation- 
exchange resin decreases, Whereas in the absence of an inert electrolyte it is 8.70, it becomes 7,60 in a 0,1 N 
lithium chloride solution, and drops to 6,75 when the electrolyte concentration is raised to 0,5 N (the methanol 
concentration was 60% throughout), The decreased pK can be attributed to the Donnan effect, wherein the in- 
creased concentration of the inert electrolyte screens the negative field in the resin, 
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Several years ago, N. N. Semenov, V. V. Voevodskii, and F. F.Vol’kenshtein [1] had proposed that free 
valences may exist on solid surfaces and lead to the formation of so-called “surface radicals" when certain com- 
pounds are adsorbed on these surfaces, In their opinion, these surface radicals may be responsible for several 
heterogeneous catalytic reactions, Two types of radicals may be formed when olefins are adsorbed and hydro- 
genated on catalytic surfaces; for example, in the case of ethylene, 


CoHe + 2k oh — CHs + CHs — CHe, 
| 


(1) 
K K K 
(a) 
CH: — CH: +H = CHs => Cie — Cis (2) 
K K K K 
(b) (b) 


we might have radicals (a) bound to the catalyst( K) by two-electron bonds, or radicals (b) bound by a one-elec- 
tron bond, The latter ones combine with another hydrogen atom to yield the end product, in this case ethane, 


— CHs ++ H CoHe + 2k. (3) 
K K 


The chemical processes (1)-(3) represented by these free radical reactions express the currently accepted 
mechanism for the catalytic hydrogenation of olefins [2]. It should be pointed out that if one assumes the actual 
existence of surface radicals then, under certain conditions of catalytic hydrogenation of olefins, one would ex- 
pect the recombination reactions (2)-(3) to also be accompanied by disproportionation reactions such as 


— CH: + — CH2 CH2 — CHs ++ CH == CHe, 
| | 


(4) 
K K K K 
CH2 — CHs + CH2 — CHs — CHe + CeHe x, (5) 
K K K 
— CHs — CH; = + CoHe + (6) 
K K K 


where the hydrogen transfer from one surface radical to another would proceed by a mechanism well known in 
homogeneous free radical reactions [3]. 
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Similar mechanisms for the disproportionation of the so-called “semihydrogenated complexes" [4] have 
been proposed by several workers [5] in order to account for the experimentally observed deuterium distribution 
among the products of catalytic deuteration, However, since in the opinion of other workers [2,3,6] the data 
could also be satisfactorily interpreted without invoking the disproportionation of "semihydrogenated complexes ," 
the real nature of this process is still not clear. 


Attempts to establish by ordinary methods what fraction of olefin hydrogenation proceeds by the recombina- 
tion route (2)-(3) as opposed to the disproportionation route @)-(6) are hampered by obvious difficulties, since 
both reactions yield the same final product. Moreover, the ratio between the rates for the two processes will ob- 
viously depend on the ratio between the concentrations of radicals and hydrogen atoms on the catalytic surface. 
And it is this particular relationship that we took advantage of in our present investigation; we decided to verify 
experimentally the postulated existence of surface radicals by checking whether disproportionations of the type 
(4)-(6) actually do take place. We investigated the hydrogenation of ethylene, propylene, and their mixtures at 
various hydrogen pressures and temperatures, If the postulated surface radicals do exist, and lead to the dispro- 
portionations mentioned above, then the hydrogenation of mixed olefins(for example, ethylene mixed with pro- 
pylene) should produce certainreactions which do not normally occur when the olefins are hydrogenated indi- 
vidually, As an example of such a reaction, we can give the disproportionation of the two radicals formed from 


two different olefins: 
-+ — CH: = CH — -- CHs — (7) 


K 


K K 


K 


one would expect that, since the radicals C3 and C2 have different reactivities, hydrogen should be transferred 
predominantly from one structure to the other and particularly, as in the case of homogeneous ethyl and propyl 
free radical reactions, from adsorbed propylene to adsorbed ethylene (reaction 7), Such preference would make 
the ratio of initial hydrogenation rates of propylene and ethylene wg32/w23 in the mixture smaller than the corre- 
sponding ratio w;/ we for the two individually determined hydrogenations, The difference between the two ratios 
(W32/ Wo3) — (ws/ we) should disappear with increasing hydrogen pressure, since the recombination of surface radi- 
cals with hydrogen atoms would then become the predominant reaction, The ratio between the two recombina- 
tion reactions should not depend on whether the two olefins are hydrogenated individually or in a mixture (as 
long as the two olefins are adsorbed with equal ease, the ratios will be equal in the presence of excess hydrogen). 


The difference between the relative hydrogenation rates determined in a mixture of olefins and those de- 
termined individually will vary with temperature as it did with hydrogen pressure. The lower the temperature, 
the more should the two ratios w3,/ Wes and ws/ Ww, differ, since the olefin concentration on the surface,and con- 
sequently the fraction of the reaction going by the disproportionation route,should be greater, As we raise the 
temperature to the temperature of maximum hydrogenation rate and above, the olefin concentration declines to 


Nos. mm Hg mm Hg/ min 
2 | 25 0.45 

©. 26 25 25 0.66 1.46 0.32 | 0.99 | 0,22 1.06 
11m] 25] 25 25 0.59] 0.445 | 0.145 

. 

, 50] 25 0.95 

a: 7 50 25 0.95 1.00 0.55 | 0.68 | 0.875 | 1.05 
Ma 3m | 50 25 1.00] 0.645 | 0.355 

19 |100 1.87 

1100 2h 1.45 0.775 | 0.65 | 0.54 | 0.45 | 1.01 
25 1.65] 4.00 | 0.65 

150 2.85 

20 150 25 1.62 } 0.66 | 0.44 0.52 0.% 
14m |150 25 2.10] 1.26 | 0.84 

18 3.75 

23/200 25 1.90 0.508 

200) 25 

15 3.90 

oe a nile 0.487 | 0.73 | 0.423 | 0.63 0.98 


such an extent on account of desorption that the dispro- 
portionation reaction can be entirely neglected along- 
side the recombination with hydrogen atoms, Since 
with increasing temperature the two ratios w32/W23 and 
W/W, will approach, while at the same time the differ- 
ence between the adsorption of ethylene and propylene 
will also decrease, eventually the two ratios will assume 
exactly the same value, 


Our experiments were carried out in a vacuum 
apparatus with the gaseous reactants circulating through 
a reactor in which a platinum wire catalyst (d = 0,1 mm, 
100 00)06o mm = 150 mm) was located; the wire was heated by means 

ah of electric current, The course of the reaction was fol- 
Fig. 1. The ratio of the formation rates of propane lowed manometrically by recording pressure variations 
and ethane as a function of hydrogen pressure in in the system, as well as mass-spectrophotometrically 
the course of hydrogenation, The legend is the by examining small saniples removed from the system 
same for Fig. 2; 1) w3/We, for CgHg and C,Hy, hy- at various stages of the reaction, The reaction was in- 
drogenated separately; 2) wg2/ Wg3, in an equimo- vestigated at pressures up to 525 mm Hg, in the temp- 
lar mixture; 3) 2w/ (we + wg), a curve indicating erature range 0-280°C, and with the olefin:hydrogen 
the reproducibility of the experimental data, ratios from 1:1 to 1:20; in all the cases, conditions of 
maximum Catalytic activity were obtained by heating 
the platinum wire for 30 min at 300° first in oxygen, 
then in hydrogen, before each experiment. To prevent 
any poisoning of the catalytic surface by mercury vapor 

and vacuum grease, the gases were passed through two 

a cold traps (maintained at —70°) located on each side of 
the reactor, The reactor was sealed off from the rest of 
the apparatus by means of metal stopcocks, and evacu- 
ated to a pressure of 10 ® mm Hg between experiments. 


Rate ratio 


In the table we have compiled the initial rates of 
formation of ethane w, and propane wy, when the olefins 
are hydrogenated individually, and also when ethylene- 
propylene mixtures are hydrogenated at various hydro- 
gen pressures (w23 for ethane and Wg, for propane), The 

Snide ratio of the hydrogenation rate in an ethylene-propylene 
Fig. 2 mixture (w) to the average hydrogenation rate of the 
> two individual olefins is about unity whichis a good cri- 
terion of catalytic reproducibility, 


Rate ratio 


100 


An examination of the ws/ wg ratio at various hydrogen pressures (Fig. 1) reveals that at first it rapidly 
declines, and then levels off, This type of a variation in the w3/ w ratio indicates that in the hydrogenation of 
ethylene the order of reaction with respect to hydrogen (w ~ pyj,) is higher than it is in the hydrogenation of 
propylene (ws ~ 1 Pyy ), which is entirely consistent with the literature data, However, when mixtures of these 
olefins are hydrogenated exactly the opposite behavior is observed with increasing hydrogen pressure — the w32/ Wes 
ratio increases to a certain fixed value,which of course is precisely what we had expected from our postulated 
model, If we plot the experimental data as Wz and wz age ‘ust PH,» both ratios should approach 0,5 
under conditions where the adsorption of ethylene and propylene occurs with equal readiness, since we could 
then assume that each olefin is hydrogenated on one half the available catalytic surface, while the hydrogena- 
tion of each individual olefin involves the entire surface, As it turns out, the experimental values of w2;/ Ww, and 
W32/ Ws approach 0,43 and 0,63, respectively, with increasing hydrogen pressure; this indicates that propylene is 
apparently adsorbed more strongly than is ethylene. 


In Fig. 2 we have plotted the experimentally determined w/w, and wg/ Ws ratios as a function of temp- 
erature, Curve 1, which represents the hydrogenation of propylene and ethylene (individually) on Pt, confirms 


the data reported by Toyama[7] for similar hydrogenations on Ni. Curve 2 was obtained by plotting the ratio 
of the hydrogenation rate of propylene to that of ethylene as a function of temperature when the two reactants 
are mixed together, A simple comparison of Curves 1 and 2 shows right away that in the mixture examined by 
us ethylene has a higher relative (relative to propylene) hydrogenation rate than the value obtained by compar- 
ing the individually determined hydrogenation rates. 


Thus, the initial relative formation rates of propane and ethane obtained by hydrogenating the reactants 
individually and in a mixture varied with temperature and hydrogen pressure exactly as we had predicted they 
would, Therefore, the results may be regarded as confirming the existence of two elementary reaction steps: 
the recombination and the disproportionation of the reactive intermediates formed during the hydrogenation of 
olefins, At the same time, the data can be cited in favor of the existence of the postulated surface radicals, 
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An investigation has been made of the adsorption of various vapors on the surface of aerosils which have 
been modified by reaction with trimethylchlorosilanes, and it has been shown that a very important characteristic 
of such modified adsorbents is the degree of the covering of the surface of the silica by the trimethylsilyl groups 
which have beenchemicaily produced [1,2]. If the layer of these groups is insufficiently dense, adsorption proceeds 
in the first instance upon the nonmodified silica surface which lies between them. Thus, insufficiently complete 
modification leads to a great degree of inhomogeneity in the surface. In addition to this, there have been pro- 
duced earlier [3] theoretical calculations of the energy of adsorption of molecules of n-hexane and benzene on 
the modified aerosil, related to the model of a complete layer of trimethylsilyl groups on the surface of the 

silica (tridymite). This calculation has shown that the removal of molecules of adsorbate from the silica surface 
by trimethylsilyl groups leads to a sudden reduction of the energy of adsorption. Even in the case of such large 
hydrocarbon molecules as those of n-hexane and benzene, the energy of adsorption of isolated molecules calcu- 
lated theoretically has been shown to be less than the heat of condensation, It would therefore be expected that 
on an aerosil surface sufficiently completely modified by the trimethylsilyl groups the pure heats of adsorption 
of the vapors of these hydrocarbons would be negative, 


5 Treatment in an autoclave |Specific surface} Degree of covering 
ample 
tempera- | ation. hr after of the surface by 
ture, °C modification, | Si(CHg), groups, 
m’/g % 
1 = * 170 0 
2 = = 170 ~60 
3 120 8 ~165 ~85 
4 200 19.5 ~142 ~90 
5 19.5 ~ 71 ~100 


As can be seen from the publication [2], and the heats of adsorption measured by us on aerosils having a 
surface modified to approximately only 60 and 85 %[5], it is very important to obtain, if possible, a more com- 
plete layer of trimethylsilyl groups, which would practically exclude adsorption in the free silica spaces lying 
between these groups on the surface, With the object of obtaining an aerosil surface which, in the first place, 
had a greater geometrical uniformity and, in the second, possessed a maximum capacity for reacting with tri- 
methylchlorosilanes, we first of all carried out a preliminary hydrothermal treatment of the aerosil, as a result 
of which its particles increased in size, while its surface became smoother and was found to be covered with 


hydroxy groups to the maximum extent, This 
provided good conditions for the reaction with 
trimethylchlorosilane, The table gives the con- 
ditions for obtaining various samples of modi- 
fied aerosils, and also the mean concentrations 
of trimethylsilyl! groups on the surface, calcu- 
lated from chemical analyses (after evacuation 
of the samples at 150°), It was assumed that 
the area occupied by these groups was equal to 
42 A [2], The measurements were carried out 
in a calorimeter [4]. 


It is seen fromthe table that the last spe- 
cimen may really be considered as a satisfactory 
approximation to the theoretically calculated 
model [3]. 
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/ t-mole/ m? 


Fig. 1, Relationship between the differential heats of ad- Figure 1 shows the relationship obtained 


sorption of the vapors of n-hexane (a) and benzene (b) between the differential rate of adsorption Q, 
and the degree of covering of the surface of the initial and the magnitude of the adsorptiona (1 -mole 
aerosil (1) and aerosils modified to the extent of 607%(2), per m?*), while Fig, 2 gives the adsorption iso- 
85% (3), 90% (4), and 100% (5), The black points here therm c as a function of the relative vapor 

and on Fig. 2 denote desorption, pressure p/ ps. It can be seen from Fig, 1 that 


the heat of adsorption of these hydrocarbons 
when the surface is modified is diminished, while with increase in the degree of modification there is an abrupt 
change in the form of the relationship between Qg and @, although when modification occurs to the extent of 
60% and then of 85% the magnitude Qg initially remains large and always exceeds the heat of condensation L; 
yet when modification approaches the value of 90%, the values of Q diminish for small values of © to magni- 
tudes somewhat smaller than L, while for the most complete modification (approximately 100%) the heats of 
adsorption Q, for n-hexane and benzene are equal to approximately 7 kcal/mole, That is, the pure heat of ad- 
sorption becomes definitely negative: for n-hexane, Qg— L = —0.5; and for benzene, Q, — L = —1,0 kcal/ mole, 
In this work, however, we have not been able to observe the initial reduction in the heat of adsorption which is 
characteristic of adsorption on nonuniform places of the surface at high adsorption potential, With increase in 
the value of a, after the covering of the surface with molecules of n-hexane and benzene, the heat of adsorption 
increases by about 10%, and quickly attains the value of the heat of condensation, 


As would be expected for such a great reduction in the heat of adsorption, a reduction also takes place in 
the magnitude of the adsorption & itself (Fig. 2), When p/p, = 0.1, the adsorption of n-hexane, with increase in 
degree of modification to approximately 100%, is diminished by a factor of 12, while the adsorption of benzene 
is diminished by a factor of 35, The relatively stronger reduction of the adsorption and the heat of adsorption of 
benzene is due to the fact that according to the high content of hydroxide groups on the surface of the initial 
aerosil the benzene molecules are adsorbed both on account of electrokinetic (dispersion) effects and on account 
of electrostatic interaction of their quadrupoles with the dipoles of the hydroxyl groups of the silica surface [6]. 

It can be seen from Fig, 2 that for the most complete modification of the sample the adsorption isotherm of 
n-hexane is initially concave, while the adsorption isotherm of benzene is approximately linear, 


Because of the very weak interaction of the adsorbate with the adsorbent, it follows that even to retain on 
the surface very small quantities of these adsorbates requires very large values of the ratio p/p,. Under these 
conditions, the free surface of modified particles is covered only by an attenuated film of hydrocarbon molecules, 
while in the space between the particles of the aerosil, close to their points of contact, with sufficiently iarge 
values of p/p, capillary condensation has already become possible, Corresponding to this also, the heats of in- 
trinsic adsorption ought to be smaller than the measured values, since the measured magnitudes when & > 0,1 
-mole/ m* (when p/ p, is greater than 0,2) include partially the heats of capillary condensation, close to the 
magnitude L, It is also probable that the approximately constant values of the measured heats of adsorption of 
benzene, seen from Curve 5 in Fig, 1 in the region of low values of © ,aredue toa certain amount of superimposi- 
tion of the reduction of the heat associated with the residual nonuniformity, and the increase of heat associated 
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Fig. 2, Adsorption isotherms of the vapors of n-hexane (a) and 
benzene (b) on the initial aerosil (1) and aerosils modified to the 
extent of 60% (2), 85% (3), 90% (4), and 100% (5), c: Initial 
portion of the isotherm for the most completely modified speci- 


men on a magnified scale, 
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Fig. 3, Relationship between the differential en- 
tropy of adsorption of vapors of benzene (1, 4) 
and n-hexane (2,3), and the covering of the aero- 
sil surface; the initial surface is denoted by (1) 
and (2), and the most completely modified sur- 
face by (3) and (4), 


~25 


0 005 gl 

Fig. 4, Adsorption isotherms for the 

vapors of n-hexane (1) and benzene 

(2) on the most completely modified 

aerosil in the coordinates of Eq. (1). 


t-mole/ m? 
o-1 8 
4-2 
v-3 
o-4 
ql 6's 9-5 7 
0 4 
7 
2 
2 4 * A 2 
0 
0 Q2 04 06 p/p; 0 1 Od 
: 0 02 04 
1 -10 
6 4-2 
4 
-1 -20 
1 
~4 
0 
a--~ 
41 


with adsorbate- adsorbate attraction andé with the increased contribution of capillary condensation, Thus, the true 
heat of intrinsic adsorption of these hydrocarbons on a completely uniform surface of the modifying layer (with- 
out capillary condensation) ought to be still lower: It might, for example, lie close to the very low values (4,3 
and 4,0 kcal/ mole for vapors of n-hexane and benzene) calculated theoretically in [3], 


Figure 3 gives the curves showing the relationship between the differential entropy of adsorption of n- 
hexane and benzene on the initial and the most completely modified samples of aerosil, calculated from the 
adsorption isotherms and the heats of adsorption, Attention should be given to the transition of the entropy change 
upon modification, from the region of negative values to that of very large positive values (in relation to the en- 
tropy of the corresponding liquids), This gives evidence of the considerable mobility of the n-hexane and ben- 
zene molecules on the surface of the modified layer, Such large values of the entropy, very small values of the 
energy of adsorption,and great uniformity of the surface permit one to suppose that to a large extent the adsorp- 
tion on the surface of n-hexane and benzene for samples with the most complete degree of modification is non- 
localized, In this connection, it is interesting to note that the adsorption isotherms of the vapors of these sub- 
stances on the most completely modified samples, for the initial region in which the capillary condensation be- 
tween the particles of the aerosil as yet introduces no appreciable distortion, are satisfactorily described by the 


Hill equation for nonlocalized molecular adsorption [7], taking approximate account of the adsorbate- adsorbate 
interaction, 


Figure 4 gives the experimental points of the adsorption isotherm which are presented in the upper portion 
of Fig. 2, in coordinates of the linear form of this equation [8]: 


W(0, pips) + Ing — In pips =" In Ky + Ka. (1) 


Here @ is the degree of covering of the surface, K, is the equilibrium constant for the adsorbate- adsorbent inter- 
action, and Ky takes account of the adsorbate-adsorbate interaction. The quantity@ = a&/0,, = Aw, where 


rp is the capacity of a complete monolayer, while wy = 1/0 pp is the area occupied in this layer by the mole- 
cule of the adsorbate, For n-hexane, w,, = 51 A’, and for benzene Wm = 40 A? {9]. 


For the adsorption of n-hexane, K, = 0.2 and Kz = 5,0, while for the benzene the values are K, = 0.1 and 
Ky = 4.3. The low values of K, are associated with the weak adsorbate-adsorbent interaction. For benzene, Ky 
is smaller than it is for n-hexane, in agreement with the lower absorbate-absorbate interaction, 


Thus, the combination which has been used of geometrical modification of the particles of the aerosil 
(hydrothermal treatment) with subsequent modification of their surface (by reaction with trimethylchlorsilane) 
has led to a smoothing of the silica surface and the formation upon it of such a dense layer of attached trimethyl, 
silyl groups that the surface of this layer is extremely uniform, and the adsorption of hexane and benzene upon it 


proceeds in a nonlocalized fashion, while the energy of adsorption is so low that the pure heat of adsorption of 
these hydrocarbons is negative. 


The authors wish to express their great gratitude to I, V. Drogleva and V. P. Marinkova for the preparation 
and analysis of the aerosil specimens, 
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Experimental material which has been accumulated during the investigation of heterogeneous catalytic 
reactions has for some time led many investigators to the belief that these processes take place through the in- 
termediate formation of free radicals on the catalyst surface, This postulate, which was worked out by N. D. 
Zelinskii and bis fellow workers, who were among the first in the field [1,2], has been further developed in the 
works of V, V. Voevodskii, F. F. Vol"kenshtein, and N. N. Semenov [3], Ya. T. Eidus [4], S. Z. Roginskii [5], 

M. I, Temkin [6], and other investigators (see, for example, [7]). In a theory of catalytic hydrogenation which 
was put forward by one of us [8], founded upon the multiplet theory, it has been shown, starting out from kinetic 


data, that the existence upon the surface of metals of weakly linked hydrogen atoms as intermediate forms in 
hydrogenation is probable, 


Up to now, however, in spite of numerous attempts, direct experimental evidence of the existence of free 
radicals or structures resembling them, under the condition of heterogeneous catalysis, has not been obtained; 
the evidence in favor of their existence has been constructed on the basis of indirect data concerning kinetic 
processes, the composition of reaction products, and the like. 


In the course of the study of the mechanism and the experimental stages of the dehydration reactions of 
the lower aliphatic alcohols in the adsorbed layer, for low degrees of covering of the surface on a series of cata- 
lysts (aluminum oxide prepared in various ways: alumina + zinc oxide, alumina + ferric oxide, tungsten tri- 
oxide, magnesium sulphate, and others), we have obtained numerous kinetic data [9,10], which may most easily 
be interpreted from the point of view that surface radicallike complexes are formed, In particular, we have 
shown that the rate of dehydration of any alcohol, such as isopropyl alcohol, in the adsorption layer on the sur- 
face of a catalyst with 2-4% surface covering (on the basis of a monolayer) may be changed within wide limits 
(usually undergoing reduction) if there are also present on the surface, in the proportion from 2 to 10-15% of a 
monolayer, other alcohols previously adsorbed (ethyl, methyl, and others), ethers (ethyl, diisopropyl), or other 
substances (such as acetone, acetoacetic ester, acetonitrile dioxane, and others) [11,12]. It is found under such 
conditions that the different previously adsorbed substances, for a uniform density of adsorption on the surface, 
influenced to varying degrees the rate of decomposition of the initial alcohol, Other indirect confirmation of 
the formation of surface free radicallike forms may be found in the fact established by us that under the condi- 
tions of dehydration catalysis labelled atoms of radiocarbon C™ are transferred from dimethyl ether tounlabelled 
ethyl or isopropyl alcohol, and also to the products of their dehydration [13,14]. 


Since the dehydration reaction in an adsorbed layer takes place at comparatively lower temperatures (120 
to 130° instead of 250-350° under ordinary conditions), while the length of life of the radicallike complexes on 
the surface ought to increase, we have carried out attempts to detect them directly for a series of compounds 
with unpaired electrons, among them free organic radicals, by means of the characteristic physical property of 
paramagnetism, The presence of paramagnetism may be detected, for example, by the acceleration of the para- 
ortho conversion of hydrogen in the presence of the given compound, Schwab [15] was the first to propose a 


Fig. 1. Vessel for the measurement 
of thermal conductivity: 1) main 
body: glass tube (d = 12 mm, 1 = 
100 mm); 2) molybdenum wire leads 
(d = 0.5 mm); 3) platinum wire (d= 
= 0.3 mm); 4) tungsten spiral made 
of wire (d = 201 , resistance = about 
300 ohm); 5) fixer for spiral—capil- 
lary plece with T-shaped glass 
thread fused to it,the thread being 
fused to the base of the vessel; 6) 
capillary lead from the tube, 


similar method of detecting, and even of quantitatively estimating, 
the concentration of free organic radicals from their catalysis of 
their para-ortho conversionof hydrogen, In contrast with Schwab, 
however, we propose to investigate in this way not heavy hydrocar- 
bon radicals (of the type of triphenylmethy1) in solutions, but the 
light lower radicallike structures which arise during the dehydration 
of isopropyl alcohol on the catalyst surface, 


We had originally intended to use as catalyst one of the prep- 
arations of aluminum oxide which we had investigated in previous 
works [9,10]. However, it appeared that this catalyst itself was 
catalytically active in the ortho-para conversion of hydrogen not 
only at temperatures at which the dehydration reaction was carried 
out in a monolayer (120-150°), but also at room temperature, We 
then chose magnesium sulphate, which has been described as an 
active catalyst for the dehydration of secondary alcohols in publica- 
tion [16] and has also been investigated by us under the conditions 
obtaining for the reaction in the adsorbed layer, It has been shown 
that on this catalyst the dehydration of alcohols in the adsorption 
layer proceeds with sufficient velocity at 150-180°, while the para- 
ortho conversion of hydrogen does not proceed appreciably even at 
temperatures as high as 300°, It has been observed, however, that 
under the conditions of the dehydration reaction for the alcohol 
with subsequent regeneration in a hydrogen atmosphere at 300° the 
catalyst is partially reduced with the formation of hydrogen sulphide 
and loses its activity, We are intending to investigate as a problem 
by itself the question of the possible influence of hydrogen sulphide 
or its intermediate reduction products, Because of this complication, 
we have carried out each experiment with a fresh sample of the 
catalyst, and have not carried out regeneration after the experiments, 
The catalyst was prepared according to the method described in [16]. 
The surface of the catalyst was determined by the BET method from 
the low-temperature adsorption isotherm of nitrogen, and amounted 
to 10-15 m?/g,. 


The work was carried out in the following manner, We made 
use of a glass high-vacuum circulation plant which had been con- 


structed and assembled by S, L, Kuperman and I, R. Davydova and had been used by us in work on the investiga- 
tion of the ortho-para conversion of hydrogen on nickel [17]. Into this plant we introduced the catalyst sample 
and evacuated it carefully for a period of three hours at a temperature of 300° and a pressure of the order of 1075 
mm Hg. Before each experiment the absence of any conversion of parahydrogen on the given catalyst sample 
was confirmed, During the preliminary evacuation of the catalyst, and the cooling of it to the temperature of 
the experiment, there was circulated a 50% mixture of para- and orthohydrogen (obtained in the usual manner 
by desorption from activated charcoal, after exposure to the temperature of liquid nitrogen for several hours), 
and samples were periodically removed for checking in the vessel provided for the measurement of thermal con- 


ductivity, 


In distinction from the method used in [14], the vessel used in the present case (Fig. 1) was a test tube of 
molybdenum glass in which had been introduced a spiral of tungsten wire of diameter 20 , having a resistance 


at room temperature of 300 ohms, 


After the absence of ortho-para conversion on the catalyst under the conditions of the experiment had been 
established, the catalyst was again evacuated under a vacuum of 107° mm Hg, and the vapor of isopropyl alco- 
hol was introduced, This was done by using an electromagnet to break an ampoule of isopropyl alcohol which 
had previously been introduced into the setup. The ampoule was filled by alcohol in another setup, also under 


high-vacuum conditions, in order to exclude the introduction of oxygen,which also possesses paramagnetic 
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Effect of the Surface Catalytic Reaction on the Para-Ortho Conversion 
of Hydrogen 


Quantity Quantity of | Circulation | Degree of 
of cat- initial time, min | conversion, % 
alyst, g alcohol, ml 


Expt. 
No, 


Temp., 


0 0.2 Infinite 
0 0.4 


3.3 0.0 ” 
3.3 0.05 
3.3 0,05 


10.7 0.0 
10.7 0.4 
10.7 0.4 Infinite 


11.0 
11,0 15 5.3 
11.0 Infinite 5.3 


11.0 0 


11.0 0.4 15 13,2 
11.0 0.4 Infinite 13,2 


properties, When the alcohol had been evaporated from the broken ampoule and its vapor had been adsorbed 
upon the catalyst, i.e., after a period of 20-30 sec after the breaking of the ampoule, there was introduced into 
the system a 50% mixture of para- and orthohydrogen, and a sample was removed after 10-15 min for analysis 
with respect to its thermal conductivity, The length of time which was allowed to elapse before the removal of 
the sample was chosen on the basis of the fact that the half-decomposition period of isopropyl alcohol in the ad- 
sorption layer, determined in the setup [9] under the given conditions, amounted to 5-10 min, 


After the conclusion of an experiment, the reaction products were removed from the setup containing the 
catalyst under a vacuum of the order of 107° mm Hg, and the setup was again filled with a 50% mixture of para- 
and orthohydrogen, and after 5-10 min circulation over the catalyst, the thermal conductivity of the gas was de- 
termined again and found to be practically indistinguishable from the initial value, which served as a confirma- 
tion of the reproducibility. 


In certain experiments, so as to establish the absence of catalytic effect of extraneous substances on the 
ortho-para conversion reaction, the reaction products were added to the parahydrogen which was introduced after 
a reaction had been carried out, the products having previously been frozen out in a special trap; this mixture 
was then circulated over the catalyst, It was also shown by means of special experiments that the initial alco- 
hol vapor had no effect (in the absence of the catalyst) on the ortho-para reaction, 


A summary of the experimental data which have been obtained is given in the table, 


It has been shown above that the 50% mixture of para- and orthohydrogen is practically unchanged under 
the conditions of the experiment in contact with the catalyst and with the vapors of the reaction products, and 
also with the alcohol vapor in the absence of the catalyst. From this, and from the information in the table, it 
is established that substantial conversion only takes place in contact with the catalyst on which there is taking 
place at the same time the catalytic dehydration of the alcohol, The extent of the ortho-para conversion of 
hydrogen amounts to 13.5% of the theoretically possible value, and the values obtained for the change of the re- 
sistance of the measuring wire lie well outside the limits of the possible experimental error, After the comple- 


tion of the reaction, while maintaining all the remaining conditions, it is found that the ortho-para conversion 
of hydrogen again does not take place, 


Thus, the results of our experiments may be interpreted as direct experimental confirmation of the reality 
of the development of such intermediate compounds during the conditions of heterogeneous catalysis, These 
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intermediate compounds are multiplet complexes which possess the characteristic paramagnetic properties of 
free radicals, This may also be regarded as confirmation of the utility of the assumption concerning the forma- 
tion of surface free radicallike structures which has been used by us earlier for the explanation of a series of 


peculiarities of elementary kinetic reaction processes in the dehydration of alcohols and ethers in the adsorption 
layer. 


Similar structures of a free radical type apparently arise also in other heterogeneous processes, but it 
would seem that the detecticn of these by means of the method which we have here used will only be possible 
as a result of a successful combination of catalyst and the nature of the reaction, The application of this meth- 
od to other processes would meet with great difficulties since, for example, it would be expected that all cata- 
lysts for hydrogenation and dehydrogenation reactions would act on their own account as catalysts for the para- 
ortho conversion of hydrogen, while the investigation of catalytic oxidation reactions is impossible because of 
the poisoning influence of the oxygen, etc, 
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It is known [1-3] that a turbulent current of gas proceeding over a hot surface appreciably increases the 
rate of combustion of a powder. In this communication there is developed a theory of this process ,based upon 
the theory of stationary combustion [4]. 


We consider a semiinfinite lamina of burning powder. It will be assumed that far from the front edge 


there is established an asymmetrical regime for the gas current. The system of equations which describes this 
case is: 


pu = m =const, p = const; 


(1) 
<= d du |, 
aT 
—d 4d da - 


where m, is the mass rate of combustion in the turbulent stream; p is the density; v is the projection of velocity 
on the y axis; u is the projection of velocity on the X axis; Hy is the coefficient of “turbulent” dynamic viscosity; 
T is the temperature; a is the relative concentration of the reacting substance; Q is the thermal effect; f(a, T) 


is the total velocity of the chemical reaction; c is the thermal capacity, The remaining terms are in agreement 
with those used in [4]. 


For the description of systems (2)-( 4), we postulate that 


v=D;, we = Dt, (5) 


where X, D, and v are the molecular coefficients of thermal conductivity, diffusion, and kinematic viscosity , 
respectively, while A;, Dy, and v_ are the coefficients of “turbulent” thermal conductivity diffusion and kinema- 
tic viscosity, The postulates of Eq. (5) are those generally accepted, In addition to this, in Eq. (3) we neglect 
thé frictional heat in comparison with the heat which arises as a result of the chemical reaction. 


The system of equations (3) and (4) has as its first integral * 


_ Tr-—T 


’ (6) 


*In the subsequent discussion we shall only consider the a- and 6 -stages [4]. 


¢ 
a 
j 


and consequently can be converted to the single equation: 


d aT aT 
(14) — cms + Qefa(T) = 0. (7) 


a-Stage. Postulating that the turbulent pulsations do not penetrate into the liquid-viscous layer of the k 


phase, we shall obtain the usual system of equations for the a-stage., Therefore, 


— E,/2RT sy 


= Bute (8) 


Here the surface temperature T of the k-phase is designated by the index u, which indicates that this tempera- 
ture depends parametrically on the rate of the current core, 


It is not difficult to conclude that the erosion relationship & is given by 


B-Stage By integrating (3) we obtain 


du 
Os = +14) — myu, (10) 


where og is the tangential friction tension on the heating surface of the k-phase, Equation (10) may be replaced 
by the more simple equation 
du 
Pu (v1 + V1) dy ’ Vi Vin ( 
in which no account is taken of the drop in temperature and the intake of gaseous mass from the heated surface 
of k-phase. 


The assumptions which have been made are not crude, and possess a simple physical significance. Actual- 
ly, from the theory of the boundary layer, it is known that the influx of gaseous mass from a powder lamina leads 
to a considerable reduction of the frictional resistance; on the other hand, the effect of cooling the wall around 
which the current of gas flows leads to an appreciable increase in the frictional resistance, Thus, if both factors 
operate at the same time, influx of mass and the loss of heat from the gas to the wall (as in the present case of 
the combustion of a powder lamina), then they will partially compensate one another, 


Introducing the dynamic velocity u, = 10;/ Pu , and the dimensionless distance from the wall y* = 

=u, y/v 4, we find: 

d (u/u.) 

= (1 + (12) 

dy 

Equation (12) permits us, for a known profile of velocities, to find the coefficient of turbulent viscosity v yy. In 
[5] it was shown that, for conditions in which 0 = y* = 30, the distribution of velocity is in accordance with the 
law 


u 


where ky is a constant coefficient; therefore, 


Vv 
—t —sh*V Ry. 


V1 


By the use of (14), it is easy to find the distribution of temperature in the 8 -stage heating zone: 


T cm 
in = —! th V (15) 
T Ts V eye, 


= 
: 
(14) 


In particular, for low values of Thay is Tsu ~ T, , the usual temperature profile is obtained: 
V kyYo- 


For the zone of chemical reaction in the 6-stage, a reasonable approximation of the equation is 


= — at a7 


If we adopt the framework of the postulates employed by Ya. B, Zel'dovich and D, A. Frank-Kamenetskii 
{6}, it may be shown that 


Ti 


{ fa(T) aT, (18) 


su 


where V t,/v, is calculated for the point corresponding to the greatest temperature of the process of combustion 
in the 8 -stage, 


Using (18), and the formula similar to it from the theory of stationary combustion [4], we obtain: 


where y, is calculated at the point Ty. Eliminating yj, in Eq. (19), we find 


Pun. V (20) 


m 


where u,, is the mean velocity of current in the transverse sec- 
tion; Ares is the coefficient of resistance, which may be obtained 
to a first approximation from the relationship [7]: 


20 


18 
0,221 


Re 0,237" 
The equations (9) and (20) so obtained are sufficient to 
solve, in principal, the problem of the erosion burning of powders, 


Mees = 0,0032 + (21) 


16 
w 

14 


The figure gives the results of the calculation for the 
12 example of nitroglycerol powder when Re = 10° for various pres- 
sures, and the experimental points for this powder taken from [3]. 
10 It can be seen from the curves that the erosion relationship de- 
200 «©6400 =6600 Ss 800 ~m/sec pends to a great extent on the rate of the gas current and on the 
wien pressure. If the erosion ratio is presented, not as a function of 
1) p = 19,6 atm; 2) p = 44,0 atm; 3) the rate of the gas current, but as the dimensionless complex J = 


71,2 atm, 
P then, probably, many experimental results for 


different brands of fuel may be introduced into a single universal 
curve. 
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In previous publications [1-6], relationships have been found for the determination of the rate of flame- 
spreading for those cases in which the diffusion coefficients of the initial substances are compared with the coef- 
ficient of temperature conductivity; in this case, the concentrations of the initial substances are calculated as 
linear functions of the temperature, In the present article, a solution is offered to the problem, taking into ac- 
count the equation for the diffusion of the initial substance, 


The scheme of a model nonbranching chain reaction, in which A is the initial substance, P is an active 
center, and C is the product of reaction, is taken in accordance with [1,3,7] in the following form: 
A — 2P, Or = hgR = hrF p(T’) Na; (1) 
P+A-—-2C+P, = AK (T’) na n; (2) 
2P — A, Dy = hy W (T’) n’. 


(3) 


The equations depicted on the right are those for the rates of evolution (or absorption) of heat, Here hj* is the 
thermal effect of the reaction (cal/ mole); R is the rate of chain initiation (mole/cm* * sec); K and W are rate 
constants for continuation and destruction of chains, respectively, (g/ cm’ * mole « sec); n a is the concentra- 
tion of A (mole/g of mixture); n is the concentration of P (mole/g of mixture); and T' is the temperature (°K), 


The system of equations for flat laminar flames for the given reaction scheme can be presented in the 
form of the three equations: 


d aT dT (4) 
— Be + Ox + O+4+ Oy =0, 


d d 
(Da — BSA — Kny n —0,5F ana + 0,5 Wr? = 0, (5) 


d dn dn 
— BS + Fata — Wn? =0 


with the limiting conditions: 
T=0, n=n, nha = 


T =T,, ha = 
*As in original—Publisher, 


= 
dT any dn 0 
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where B = up; T = T'— Tj; Da = pDpa; D = pDp; x is the coordinate (cm); u is the velocity of current (cm/sec); 
p is the density (g/cm*); A is the thermal conductivity of mixture (cal/em * sec + C*); ¢ is the heat capacity 
(cal/g *C°); Dp and Dpag are the coefficients of diffusion corresponding to P and A, respectively (cm*/sec), The 
index 0 corresponds to the initial state of the fresh mixture (T' = Tg), the index I to the state at the temperature 
of combustion (T* = Tp), while the index m will be related to the state described by the maximum value of the 
temperature gradient (dT/dx)p = = Tm) [1.3]. 


If \ = cDq, then, as we can see from (4) and (5), ng will, in general, not be a function of temperature 
alone, This means that when chain reactions take place in a flame there cannot be a strict correspondence be- 
tween the concentration of A and the temperature, It has been shown previously that in many cases [2] it is 
permissible to neglect the quadratic chain breaking for values of T close to Tm. (The estimation of the effect 
of W, however, must always be derived from the solution obtained in [2], taking account of quadratic chain 
breaking.) In addition, it must always be true that 0.5Ry << Kiam; since the activation energy in R is ap- 
preciably larger than the activation energy of the continuation process (2). Therefore, it must be true that 
lpm! << |@m], although |hy| > |h]. Thus, we obtain from Eqs. (4)-(6) a system of equations similar to those 
used in [1,3,7]: 


(7) 
(8) 


(9) 


On the basis of the method previously worked out for the approximate solution of the diffusion equations 
[1-3], the concentrations of A and P at a temperature T = T,, may be described in the following form: 


Nam = ta@a — KmNantamtm, (10) 


Nm = to + FrmNnam; (11) 


where t=not ta = Nao + (ne — no)/T;, k= (Mar —Maro)/Tr, 
@ = 1—2q/x, = 1 + % = CoDo/ho, %a = CoDao/A0, Do = Dmg, 
T. \e | 
= Po ~ on £2. am A 
Dao =Dam9a, 4 (= when Dp ~ (T’)*, Ea ) when 
Dea ~ (TA, Na =Tm(Tr—Tm), 


Tm = 0,5 


Solving (10) and (11), we obtain the relationship 


= 2F amKmNN toK,,N a) 1 ’ (12) 


and after inserting the value of this in Eq. (11), we determine ny. 


It may be shown, on the basis of the previous results [2,8], that the relationship toKmN a = 2qa/ Exa, 
where € is a coefficient taking into account the effect of the rate of chain initiation [8], When A = cD, and 
tah = CmTm, the equality will be exact. Since this equality is necessary only for rough estimation, then it may 
also be used when A # cDa,. If we postulate that the fraction beneath the square-root sign in Eq. (12) is less 
than unity, and make use of the equation so obtained, we find that 


4t (29,)* FRm 
Din (%a+2G a)? Kin 


If the inequality (13) is satisfied, then the term beneath the square root in Eq. (12) may be resolved into 
a series, and we may obtain for na pp the simple relationship 


(13) 


dx —Be——-+0=0 
d dny dny 
dx (D dx + Fria |_| 
| 
= 
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Inserting Eq. (14) in (11), we find 


nm = tof + 


(15) 


The fraction contained within the square brackets in Eq. (15) is of the same order as the fraction beneath the 
square root in Eq. (12), but in Eq. (15) the fraction is added to unity,and therefore the requirement that it 
should be small must be more rigid. If the fraction is equal to unity, then if we postulate that Fp,~ 0, the 


error in nay, according to Eq, (14) amounts to 18%, while the error in nj, according to Eq. (15) amounts under 
the same conditions to 50%, 


Inserting Eqs. (14) and (15) in (7), and taking Fp,, = 0, we find, when T = T,), after rearrangement: 


Din = Hts x, (ita = | 


(16) 
Inserting Eqs. (14) and (15) in (7) when T = T,,, but when Frm # 0, we obtain 
— to (hta@a — 2cmnda)Pm — hKm(tawa)? SFam — 
(to)*3q — Cmnda) = 0, (17) 


where y = 8a =7/2Dam =1/2Dm. 


The rate of propagation of the flame is determined by the relationship [1,3]: 


1 
uo = 


(18) 


where Py is found from Eqs. (16) and (17). If it is necessary to use Eq. (12) instead of (14), then Eqs, (12) and 
(11) should be inserted in (7) when T = Tp). From the equation obtained, it is possible to determine pyp for (18), 


Inserting (16) in (18), we obtain the final relationship for determining the rate of propagation of the flame: 


Po | 


2q 
where p = 2 V = Qn = hKmtas when nap = 0, ta = 


=Nap/ 2. This relationship, when C;)T,, = htg, should be in agreement with those equations which were ob- 
tained in [1-3] for the conditions in which na jp = tae 


The distribution of concentrations in relationships to the temperature according to Eqs. (14) and (15) should 
be determined, according to [1,3] by 


na 


na (T) = Re (20) 
l T.—T)T 21 
(2) = (no IT) — (Ps 7) T + Fem ng (1), 
mem 


where py, is found from Eqs. (16) or (17). 


If the effect of R on up is negligibly small, then € = 1, and when CmTp = htg, toKmNa = 2qga/Xa. In 
this case, since wa = 1 + 2qq/k g, we obtain from Eq. (14) that nay, = tae This means that, irrespective of the 
magnitude of the diffusion coefficient of the initial substance A, its concentration at Tp is that concentration 
which is obtained when A = cD. Change in the magnitude D, ought only to arise when there is a certain de- 
formation of the relationship na(T) in comparison with the case for which X= cDa, and should therefore reveal 
a very small influence on the magnitude of the rate of propagation of the flames, To illustrate this set of 


- 
7 
n L,T) —sn— (T.—T)T 
be 


conditions we have performed numerical calculations for the 
example of the flame in the decomposition of hydrazine, 
which was investigated in [1,3,7]. All the initial data for the 
flame, when the combustion temperature Ty = 1950°K, have 
been taken from [7] and were also employed in (3). 


The figure gives the relationship of the concentration of 
the initial substance A to the temperature, The initial con- 
centration nao = 0.972 g/g mixture, while the concentration 
at the combustion temperature nar = 0, Curve 1 corresponds 

' to the case in which A = cDa, and is an exact solution, Curve 2 

: corresponds also to A = cDa, but it has been calculated from 

the approximate solution (20), obtained as a result of the solu- 

\ tion of the system of equations (7)-(9), Comparison of the re- 

; lationships 1 and 2 shows that the approximate solution (20) 

; gives na(T) in practical agreement with the exact relationship, 
In! This signifies that for systems with nonbranching chains the 
solution of the problem of flame propagation may be obtained 
approximately on the assumption that the concentration of the 
Relationship between the concentration initial substances is a linear function of the temperature , with- 
na Of the initial substance A (in g/g out thereby introducing any appreciable errors into the final 
mixture) and the temperature in the results, Such an assumption, which was used in previous works 
flame for the decomposition of hydra- [1-6 ,8], appreciably simplifies the solution of the problem in 
zine: 1) exact solution when = question, 

2) approximate solution from Eq, (20) 
when A = c(Da) = c(Da); 3) from 

Eq. (20) when (Da) = (Da) /1.5; 4) 
from Eq. (20) when (Da), = 1.5(D,);. 


Comparison of relationships 3 and 4 with relationship 2 
in the figure permits us to draw the conclusion that the magni- 
tude of the diffusion coefficient of the initial substance under 
ordinary conditions shows no appreciable influence on the mag- 
nitude of the rate of flame propagation in systems with non- 


branching reaction chains, When T = Typ, the relationship na(T) for all values of Da reduces to a single point, 
Strictly speaking, however, this correspondence, as can be seen from relationships (16) and (14), should take place 
only when CmT mp = hta, i.e., under conditions for which the dissociation of the combustion products does not 
lead to any perceptible reduction of the combustion temperature, For appreciable dissociation, even when \ = 

= cDa, there cannot strictly exist a correlation between the temperature and the concentration of the initial 
substance, 


LITERATURE CITED 


L. A. Lovachev, Doklady Akad, Nauk SSSR 120, No, 6, 1287 (1958), 

L. A. Lovachev, Doklady Akad, Nauk SSSR 123, No, 3, 501 (1958), 

L. A. Lovachev, Izvest, Akad, Nauk SSSR, Otd, Khim, Nauk, No. 10, 1740 (1959). 
L. A. Lovachev, Doklady Akad, Nauk SSSR 124, No, 6, 1271 (1959), 

L. A. Lovachev, Doklady Akad, Nauk SSSR 125, No. 1, 129 (1959). 

L, A. Lovachev, Izvest. Akad, Nauk SSSR, Otd. Khim. Nauk, No, 6, 1022 (1960), 
D. B. Spalding, Phil, Trans, Roy. Soc, London A249, No, 957, 1 (1956), 

L. A. Lovachev, Izvest. Akad. Nauk SSSR, Otd, Khim, Nauk No, 3, 442 (1960), 


All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. Some or all of this peri- 
odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 


8/8 
2 
08 
i, 
{ 
an 
60 
ak 4 
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The cathodic deposition of various elements from molten slags is accompanied by concentration polariza- 
tion [1]. This makes it possible to use oscillography at a given current strength [2-5] for the determination of 
the diffusion coefficients (D) of ions in liquid slags, For values of the current density (i ) greater than the limit- 
ing value, the concentration (Cg) of the substance undergoing reduction at the cathode is rapidly reduced, and 
after a definite time (to) is equal to zero, thus causing a jump in the electrode potential, From the experiment- 
ally determined value of ty for chosen values of Cy and i, the value of D may be calculated from the formula (2): 


_ 
? 


(1) 


in which n is the number of electrons in the elementary discharge act, and F is the Faraday constant, 


The slags investigated, the electrolytic vessel, and the electrodes were the same in this investigation as in 
the previous work [6]. Variation of electrode potential against time was registered by means of a series oscillo- 
graph for several speeds of movement of the photographic film, An amplified signal was imposed upon the oscil- 
lograph, The amplifier was based upon tubes 6N9 and 6G7, according to a bridge plan, and permitted the pre- 
liminary compensation of potential loss caused by the ohmic resistance of the cell, as well as registration of the 
electrode polarization, For the determination of the surface dimensions of the working cathode (liquid copper), 
an x-ray investigation of it was carried out, in contact with the slag being studied, for various temperatures 
(1350-1550°C) and various current densities (0,13-0,40 amp/cm*), It was found that the meniscus had the form 
of a hemisphere, the radius of which was close to that of the tube (3.25 mm), The working area of the cathode 
ny slightly with variation in conditions, from 0.60 to 0,66 cm’, and the average value was 
0.63 cm", 


For the purpose of calculating the value of Cy (g * ion/cm®) on the basis of the atomic % (2%) of additive, 
the density of the molten materials which served as the polarographic base liquid was measured, The values 
found by this method were discovered to be in satisfactory agreement with those contained in the literature [7]. 


Diffusion Coefficients (cm? + sec”) of the Ions of Iron and Calcium, Found 
by Various Experimental Methods 


Temp.,°C DFel") Deal’) Deal?.") 


1360 2: - ~ .5-1077(1350°) 
1400 2.7. 1.4—1.9-10-* |] 1.0-10-(1430°) 
1500 2.4-10-8 1.8-10- | 2—12-10-8 

1510 3.6 5.0-10-¢ 4.0-40-8 | 3,4-10-*(1540°) 


L 
Relationship between the logarithm of the diffusion 
coefficients (lg D) for various ions in liquid melts, 
and 1/T, for the diffusion of: 1) iron; 2) cobalt; 
3) nickel; 4) silicon; 5) vanadium; 6) titanium; 
1) zirconium; 8) niobium, 
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by the equation: 


Using this equation, all values of D for each group of ions are included, for the given melt, approximately on a 
single straight line. This, it seems, is connected with the fact that the ions of the first group occupy octahedral 
holes, formed by the oxygen anions; while the ions of the second group occupy tetrahedral positions, Since in 
the melt in question, the mean distance between corresponding holes and the energy barrier separating the latter 
is of the same order, it would be expected that the diffusion coefficients of ions of each of these groups would 
lie close to each other, There are thus in all. four straight lines for the relationship lgD, 1/ T, arranged in two 
parallel pairs for the corresponding melts. The mean activation energy (E), for the two groups of ions with a 
silicate melt lies within the limits 37-38 kcal/g + ion, while for the cther aluminate melt the values are from 
47-48 kcal/g + ion. The considerable growth of the magnitude of E is probably due to the greater strength of 
the bonds between the particles in the aluminate melt, which is confirmed by the increased values of the surface 
tension of these melts in comparison with those of the silicates [7,11]. 


where A is the distance between neighboring equilibrium positions for the diffusing particles, k and h are the 
Boltzmann and Planck constants, respectively, and AS®* is the activation entropy. 


If we postulate that Eq. (3) is applicable to both groups of ions, the derivative 


AS? /2R 


The results of measuring the diffusion coeffi- 
cient of ions of iron, cobalt, silicon, niobium, va- 
nadium, titanium, and zirconium in an aluminum 
slag (45% CaO, 47% Al,O3, 6% MgO, and 2% BOs), 
as well as of ions of nickel, iron, vanadium, and 
niobium in silicate melt (40% CaO, 40% SiO,, and 
20% Al,O;) are given in the figure, using the coordi- 
nates lgD and 1/T, It is a matter for regret that 

the literature contains no data for comparison, with 
the exception of the values for Dge in a silicate slag, 
obtained by the method of radioactive indicators 

(8). It can be seen from the table that both the 
methods give comparable values of Dre. 


The figure shows that in both melts the ions 
are divided sharply into two groups, The diffusion 
coefficients of modifiers of the first group (iron, 
cobalt, and nickel) at 1450° are approximately 20 
times greater than for the lattice-forming elements 
of the second group (silicon, niobium, vanadium, 
titanium, and zirconium), It is known that calcium 
also belongs to the first group. In agreement with 
this, the magnitude of Dca found by other methods 
[8-10] is close to that for iron (Dge). 


As can be seen from the figure, the relationship of the diffusion coefficient to the temperature is depicted 


D = D%e-E/RT , (2) 


Despite this, the diffusion coefficients in the aluminate melt (I) are greater than those in the silicate melt 
(11) (Dy > Dyy), which is particularly strongly expressed in the values of D° for the first and the second groups of 
ions: = 4.85, = 0.49, Dyy , = 0.23, and = 0.014, 


According to the theory of absolute rates of reaction [12]: 


(3) 
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amounts to Itz) = 22,2 A, Jit, = 7.0 A, Myy,y = 4.8 A, and Miq72 = 1.2 A. Although the distance \ in the alumi- 
nate melt is greater than that in the silicate melt, it is questionable whether this exceeds 3-4 A [13,14], Hence, 


the high values of the derivatives for the aluminosilicate melt are probably due to the greater activation entropy 
(As > AS qq). 


However, the difference in the values of AS* for the first and second groups of ions (ASj,, > ASj.») can- 
not be explained by the observed inequality of the derivatives corresponding to them (Ilj,, > Ij). The pro- 
blem is that the ions of the first group, moving from one octahedral hole to another, are found in a region of 
tetrahedral holes, where the number of neighbors is fewer. This has the effect of reducing the thermodynamic 
probability of the transitional state, On the other hand, ions of the second group, when leaving a stable state in 
a tetrahedral hole, are found temporarily in an octahedral coordination with a greater number of neighbors, which 
increases the number of possible states corresponding to the existence of the transitional condition, It would, in 
this connection, be expected that an inverse relationship would arise for the activation entropy, i.e., AS; a? ASis. 


It seems that the only slightly lattice-forming cations move together with the large oxygen anion [6]. In 
such a case the diffusion is determined by the transfer of the relatively small cations of the modifiers [12], while 
the large complexes of the lattice-forming ion with the oxygen anion only occupy the vacated sites, It is natu- 
ral that the size of such movement is small (0,6-0.7 A) in comparison with the movement (2,7-3.5 A) of the 


ion of the modifier from one position of equilibrium to another. This is also due to the smaller value of D$ in 
comparison with D{. 


LITERATURE CITED 


O. A. Esin, Proceedings of the Fourth Conference on Electrochemistry [in Russian] (Izd. AN SSSR, 1959) p, 311, 


2. A.N. Frumkin, V. S, Bagotskii, Z. A. lofa, and B. N. Kabanov, The Kinetics of Electrode Processes [in 
Russian] (Moscow, 1952) p, 91. 


3. H, Sand, Phil, Mag. 1, 45 (1901), 

4, M. Stackelberg, M. Pilgram, and V. Toome, Z., Elektrochem, 57, 342 (1953), 

5. G.A.Emel'yanenko and E. Ya, Baibarova,Ukr. Khim. Zhur. 25, No. 5, 591 (1959). 

6. V.I. Musikhin and O, A, Esin, Izvest. Vyssh, Uch.Zav., The Metallurgy of Ferrous Metals [in Russian] 
No, 12, 3 (1959). 

7, E. V.Ermolaeva,Ogneupory No. 5, 221 (1955). 

8. E.S. Vorontsov and O, A. Esin, Proceedings of the All-Union Conference on the Application of Radioactive 
and Stable Isotopes in the Public Economy and in Science, Metallurgy, and Metallography [in Russian] 
(Izd. AN SSSR, 1958) p. 29. 

9. H. Towers, M, Paris, and J, Chipman, J. Metals 5, No, 11, 1455 (1953), 

10, H. Towers and J, Chipman, J. Metals 9, No. 6, 769 (1957), 

11, S. I. Popel’ and O, A. Esin, Zhur, Neorg. Khim, 2, No. 3, 632 (1957), 

12, S. Glasstone, K. Laidler, and G, Eyring, The Theory of the Absolute Velocities of Reactions [Russian 


7 


translation] (IL, 1948) pp. 497, 501, 
13, J. O'M. Bockris, J, A. Kitchener, et al., Trans, Faraday Soc, 48, No, 1, 75 (1952), ad 
14, O, Gassel', Crystal Chemistry [in Russian] (Leningrad, 1936) p. 30. . 


a 


4 
: 
F 
x 


THE EFFECT OF GAMMA IRRADIATION 
ON AQUEOUS SOLUTIONS OF THIOPHENE 


S. A. Safarov, A. I. Chernova, and M. A. Proskurnin 


Karpov Physicochemical Institute and the Institute of Chemistry, 
Academy of Sciences of the AzSSR 

(Presented by Academician S. S. Medvedev, July 7, 1960) 
Translated from Doklady Akademii Nauk SSSR, 

Vol, 136, No, 2, pp. 391-393, January, 1961 

Original article submitted July 4, 1960 


Great interest is felt at the present time in reactions in which organic substances interact with the products 
of the radiolysis of water, Up to now, the number of systems which have been investigated is very limited, In 
particular, there has been no investigation of the possibility of radiolytic oxidation in the presence of water of 
such heterocyclic compounds as, for example, those of the thiophene series. Such processes are of great interest, 
since the hydroxy derivatives of thiophene have not been obtained by a number of the usual oxidation processes, 
The possibility of synthesizing them directly, therefore, by a radiochemical method could have considerable 
practical importance, 


The authors of the present communication have studied the effect of irradiation on solutions of thiophene 
in water saturated with oxygen, with the object of elucidating the direction of the oxidation process and the pos- 
sibility of forming hydroxythiophene — thienol, In the course of the work, the influence of a variety of factors 
on the process has been studied: the concentration of the dissolved products, the pH of the medium, and some 
others, 


The irradiation was carried out using as source the equivalent of 50 g radium, The power of the dose was 
varied from 0,5 to 1,1 « 104 ev/ml sec, The irradiation was carried out in glass ampoules, In work which in- 
volved elevated oxygen pressure, steel ampoules were used, provided with glass linings, The mixture of thio- 
phene and water was prepared by mixing 0,1 ml of thiophene with 100 ml of water saturated with oxygen. The 
concentration of thiophene in this mixture corresponded to 1,265 * 107 mole/ liter, The solutions containing 
thiophene in lower concentrations were prepared by means of dilution, 


The identification of the products obtained was carried out by means of colorimetric and spectrophoto- 
metric methods, The colorimetric method was based on the combination of the thienol, the formation of which 
was believed to have occurred in the course of the reactions with p-nitroaniline, or with sulfanilic acid, Both 
these methods showed the presence of compounds in the irradiated solutions which give a coloration with these 
substances, characteristic of the phenolic compounds (A max = 520 mt) [1]. The spectrophotometric method used 
in this work was based upon a recording of the absorption spectra in the ultraviolet region, The spectrometer 
used for this purpose was of the SF-4 type. 


Figure 1 gives the absorption spectra of the initial (1) and irradiated (2) aqueous solutions of thiophene, It 
is seen that a product is found in the irradiated solution which is capable of absorbing ultraviolet light with a 
greater wavelength than is thiophene, It should be noted in this connection that the position of the absorption 
maximum depends on the pH of the solution undergoing irradiation, and is shifted from the value 256 mp in 
acid solutions to that of 268 mp! in alkaline solutions, The same occurs in the relationship between the absorp- 
tion of & -hydroxythiophene in water and the wavelength of the light (Fig. 1,3) obtained on the basis of the 
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300 
Fig. 1. Absorption spectra of 
aqueous solutions of thiophene: 
1) before irradiation; 2) after 
irradiation; 3) relationship of 
extinction coefficient of a- 
hydroxythiophene and wave- 
length, 
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Fig. 3. Relationship between 
yield of thienol and thiophene 
concentration in an irradiated 
solution in 0.8 N sulfuric acid: 
1) E(mole/cm) = 2,83 * 10°; 2) 
combination of 1 with the theo- 
retical (broken lines), 
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Fig. 4. Relationship between the 
yield in the oxidation of thio- 
phene and the pH of the irradiated 
solution. 


0 ev/ ml 
Fig. 2. The increase in the 
optical density of a solution 
of thiophene in 0.8 N sulfuric 
acid when \ = 260 mp in re- 
lation to radiation dose: 1) 
dark circles: 1,2 107? M 
thiophene; open circles: the 
same under an oxygen pressure 
of 25 atm; 2) 1.26 M 
thiophene; 3) 0.52 10°°M 
solution of thiophene in 0.8 N 
sulfuric acid, 


published data [2], It is clear that the only reasonable proce- 
dure is to compare the right-hand parts of the spectra (Curves 2 
and 3) since for wavelengths lower than 258 my! the absorp- 
tion in the irradiated solution is due to the residual thiophene. 


Comparison and qualitative reactions give ground to sup- 
pose that one of the principal products of the oxidation of 
thiophene is thienol, The production of a more diffuse peak in 
the course of irradiation may be explained by the existence of 
thienol in two tautomeric forms, 


Figure 2 shows the relationship between the optical dens- 
ity of the solutions undergoing irradiation for 260 mp and the 
radiation dose, for solutions with various initial thiophene con- 
centrations, Increase in the dose causes increase in the optical 
density of the solution, but the radiation-chemical yield of the 
thienol formed diminishes rather rapidly, Experiments carried 
out with increased oxygen pressure (up to 25 atm) showed that 
the reduction of the yield is not connected with the exhaustion 
of the dissolved oxygen (compare Fig. 2,1), but is apparently 
connected with the conversion of the product which has been 
formed, by reactions which proceed with an appreciable veloc- 
ity in oxygenated solutions, When experiments are carried out 
in a neutral medium, the yield begins to diminish only at ap- 
preciably higher doses, In this case, the pressure of the oxygen 
considerably increases the rectilinear portion, 


It has been shown that the initial size of the yield of 
thienol formed depends on the initial concentration of the thio- 
phene in the solution (compare, for example, Curves 2 and 3 
in Fig. 2 and Curve 1 in Fig. 3), 
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For the calculation of the radiation-chemical yields* in the oxidation of thiophene there was employed 
the molar extinction of «-hydroxythiophene, As can be seen from Fig, 3, Curve 1, constructed as a result of 
such an estimation, has the typical form for the concentration dependency of the yield obtained by the trans- 
formation of a dissolved substance [3], With the introduction of the corresponding correction, the curves are 
easily superimposed, For this purpose, all the values of the thienol yields obtained by the first procedure need 
only to be diminished by a factor of 1.55, This confirmation of the results obtained gives ground to suppose that 
the yield of thienol formed is determined with sufficient accuracy with only a small increase above the true 
value. In considering Curves 2 and 3 in Fig, 2, it is easy to calculate that the percent conversion of the thiophene 


into hydroxythiophene is considerable: it amounts to 50% by the first method of calculation, and 30% by the 
second, 


In connection with the mechanism of the oxidation of thiophene in its aqueous solution, it must be supposed 
that the thienol, like the product of the oxidation of benzene [4,5],is formed through the interaction of the thio- 
phene with the hydroxyl radicals according to the over-all reaction: 


\s7% 


The relationship obtained by us between the magnitudes of the yield from the oxidation of thiophene and the pH 
of the medium (see Fig. 4) corresponds to the same relationship for benzene [6], which confirms the similarity 
of the oxidation mechanisms in the two cases, Evidence in favor of this mechanism is also provided by the 
nature of the influence of competing acceptors for the hydroxyl radicals, It has been shown, for example, that 


the introduction of glycerol into the thiophene solution in a concentration of 0.5 N leads to a complete inhibi- 
tion of the formation of thienol, 


The concentrations obtained with the help of the calculation procedure described above for the thienol 
formed amount in favorable circumstances to 8 equiv/100 ev, These evidently correspond to the high degree of 
participation of radiolyzed molecules of water in the oxidation process according to a nonchain mechanism, 
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There is at present no agreement as to the possible existence of a gas gas equilibrium [1,2], The current 
work has been undertaken with the object of studying further the interesting phenomenon invoived, by measure- 
ment of the surface tension at the boundary between two gas phases, 


The helium~ ethylene system has been chosen as the material for investigation [3], The measurement of 
the surface tension has been performed by the method of capillary rise [4,5], The principle of this method con- 
sists in measuring the height difference Ah of the column of the phase in capillaries of radius R, and R,. If the 
wetting angle © of the capillary wail by a dense phase is equal to zero, and R, and R, are small, then 


where p" and p® are the densities of the gas, and g is the acceleration due to gravity, 


We have measured the density of gas in the helium—ethylene system by a method described earlier [6]. 
Helium and ethylene were introduced into the high-pressure apparatus; conditions were created for which the 
mixture underwent stratification; the phases were agitated by means of electromagnetic agitator, and the upper 
phase was selected for analysis at constant pressure. For the purpose of determining the composition of the phase 
on the basis of its molecular weight, a portion of this phase was passed into a calibrated vessel, such a quantity 
of mercury being introduced at the same time into the apparatus, by means of a calibrated press, that the pres- 
sure remained constant, Knowing the quantity of mercury introduced, and the amount of the separated phase, 
the density of the latter was determined, Subsequently, the whole of the upper phase was removed from the ap- 
paratus and the procedure was repeated in an analogous way with the lower phase, 


The data obtained on the composition and densities of the phases in the system under investigation are 
shown in Table 1, The composition of the phases at 16° are somewhat different from those obtained in a previous 


work [3], but the more recent data, obtained under conditions of intense agitation of the phases, are to be pre- 
ferred, 


The capillary rise was determined in an apparatus (Fig. 1) consisting of a high-pressure column 1 contained 
in a thermostat, Into the column opposite the window 2 were inserted capillaries 3, supported in the frame 4; 
behind the capillaries was located a matte glass background 7. When the framework connected to the armature 


of the electromagnetic mixer 5 was moved, mixing of the phases took place both within the vessel and in the 
interior of the capillaries themselves, 


* A. N. Kofman took part in the experimental part of this work, 


| 

| 


TABLE 1 


Density and Composition of the Phases in the Helium—Ethylene System, p® and p* Are 
the Densities of the Light and the Heavy Phases, Respectively; Nj’ and Ng Are the Mole 
Percents of Ethylene in the Light and the Heavy Phases 


* 
Ny Pp. Ny 


Court ae 


TABLE 2 TABLE 3 


The Capillary Constant a” in the Helium- Surface Tension in the Helium— 
Ethylene System Ethylene System (Interpolated Data) 


a’ 10°, a: 10, kg/em? | erg/cm! 


At 16° 


0.050 
0.105 
0.255 
0,195 
0.280 
0.355 
0.420 
0.440 


18° 

0.045 
0.055 
0.110 
0.190 
0.270 
0.355 


Ethylene and helium were introduced into the plant in the necessary quantities to obtain a mixture of a 
predetermined composition, and the mercury press in the vessel 6 was compressed, thus compressing the mixture 
to the necessary pressures, The quantity of the mixture was chosen in such a way that the level of the phase 


boundary occurred opposite the inspection window, while the ends of the capillaries were immersed in the dense 
phase, 


The height of the rise of the dense phase in the capillaries of various diameter (from 0.2 to 0,6 mm) was 
measured by means of a cathetometer of type KM-6, with an accuracy of 0,005 mm, The framework contained 


three capillaries of various diameters, so that we were able to determine in the course of a single experiment 
three different levels, 


The materials used for the investigation were: helium of a purity of 99,6.% and ethylene purified by a 
method involving the formation of a complex with cuprous chloride [7]. The results of the measurement (capil- 
Ah 


lary constant a” = 1/R,- 1/R 


) are presented in Table 2, 


2 3 8 

kg&m* 

c At 13° At 16 

af =. 80.5 300 0.241 | 76.0) 0.323 

ry 280 0.142 | 79.3 | 0.327 || 420 0.166 | 73.0] 0,349 

380 0.153 76.6 0.350 500 0.168 0.391 

ce 420 0.158 | | 680 0.186 | 69.0] 0,394 

th 550 0.164 | 69.7 | 0.410 At 18° 

660 0.173 | 74.8 | 0.406 

400 0.212 | 65.54 0,299 

- 490 0.180 | 68.0] 0.363 

620 0.174 | 66.0] 0.385 
= 720 0.184 | 65.9] 0.388 

kg/cm? 
At At 16° At 13 
227 48.0 || 415 54.0 
300 49.0 450 104.0 : 

0.125 480 

an 310 105 480 104 0.190 500 

Se 355 129 520 207 0 ‘ 975 550 

a 380 150 550 256 0 é 360 600 

400 196 590 315 0.460 650 

415 205 650 410 0.561 680 

‘ 480 284 680 446 0.654 

520 344 At 18° At 
535 | 354 490 

635 550 505 66.0 550 

a 665 592 575 140 600 

610 207 650 

a 720 362 

710 


potentiometer. 


to mercury press 


Fig. 1. Setup for measurement of capillary rise, 
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Fig. 2. Surface tension in the helium- Fig. 3, Relationship between o and (p— Por)'s 
ethylene system, 


For the determination of the wetting angle, we photographed the capillaries immersed in the dense phase 
for different pressures and temperatures, and showed by considering the enlarged images of the capillaries that 
the angle was equal to zero, The data on the surface tensions,calculated on the basis of Eq. (1), are presented in 
Table 3 and in Fig. 2. 


Estimation of the errors in the measurement of the magnitudes entering into Eq, (1) has shown that the total 
maximum relative error of measurement of surface tension, taking into account the precision with which the pres- 
sure and temperature could be measured, was about 5%, 


We may surmise that the curves expressed in coordinates o — p approximate to the axis of abscissas with a 
horizontal tangent, and that the surface tension becomes equal to zero at the critical point (Fig. 2). 


kg/cm 

27 72-6 

6 

gv 

wale 

ae | 

erg/cm* 

a2 42 if 
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According to Gibbs [8], adsorption at the separation boundary of neigh- 
boring phases may be expressed by the equation 


= — Ti (2) 


where [2 is the chemical potential of component 2; I'y4) is the excess moles 
of the second component related to unit area of the surface layer, in com- 
parison with the number of moles which would have been present in the sur- 
face if the concentration of the component in the volume phase remained un- 
changed right up to the geometrical separation surface. The place of this 
surface is so chosen that the excess of the other component (in the present case, 
the first component) can be made equal to zero [T 42) = 0). Since 


200 kg/cm? 2,T = (92/0N2) p dNo + dp, (3) 
yr, Ny = Ve, (4) 
Fig. 4. Change in adsorp- 
tion with pressure in the where vV, is the partial molar volume of the component, then 
helium— ethylene system, 
(On2/ON2), 7 (5) 


For the critical phase of the binary solution (dp ,/ dN2)p ,T = 0; therefore, at the critical point, 


Ads (6) 
v2 dp 

But, at the critical point, all the properties of both phases are identical,and therefore T 41) = 0,and con- 
sequently do/dp = 0, Therefore, the analytical curve expressing the relationship between o and p must be a 
parabola of the second degree, 


= 


On this basis, we may write that 
o=>a (p Per)? (7) 


where & is a constant, If we plot on a curve the values of o obtained by us against the difference (p— rw OF we 
obtain the straight line shown in Fig. 3, on which the points for all three temperatures over a large interval of 
pressure are found to lie, 


For neighboring phases, 
(8) 


where v' and v" are the molar volumes of the dense and light phases, respectively; Nj and Nf are the molar 
fractions of the first component (in the present case of helium) in the dense and light phases, respectively. 


By combining Eqs. (4) and (8) it may be shown that, at the critical point, 


— op 12,T" 


Further, since it follows from Eq. (7) that (5) ats 2a (Pp — Per), then, finally: 


— Pop) (Ny Nj) 
—v'N, 


= . (10) 


If we determine the coefficient « from the slope of the straight line in Fig. 3, we may calculate —I',) 


2 
mole/cm 
JO 
& 
2 
2 
> 
10 
& 
(9) 
2 (1) 
2 
= 
: 


for the three temperatures, and plot these data against the pressure, As can be seen from Fig. 4, the points lie 
well upon straight lines over a wide interval of pressure, 


The results of this work show that the surface tension of the boundary between two gaseous phases increases 
considerably with increase in pressure, The reason for the increase in o may be the change in the composition 
of the phases and of the surface layer (adsorption), as well as the large change in the densities of the phases with 
pressure, 


The authors wish to express their deep gratitude to I, R, Krichevskii for his constant interest, advice, and 
help in the work, 
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Modern theory considers the induction of an explosive reaction to be a purely thermal effect, and shows that 
spontaneous thermal ignition will occur when the temperature of a definite volume of explosive is raised to that 
critical point at which it is impossible to fully dissipate the heat evolved in chemical reaction, Experiments on 
the impact sensitivity of solid explosives involve an elevation of temperature through adiabatic compression, and 
an evolution of thermal energy through plastic deformation and chemical reaction, The thermal effect of reac- 
tion can be neglected at subcritical temperatures whichdo not exceed those values calculated by Rideal and 
Robertson [1] and confirmed experimentally by [2], since impact is of brief duration and reaction rate is strongly 
dependent on temperature, Estimates show that the heating of an explosive through adibatic compression is slight 
in comparison with the critical temperature [3]. 


Thus, plastic deformation is the principal factor in the formation of high-temperature centers, The intens- 
ity of thermal evolution is dependent on the plastic properties of the material in question and on the conditions 
of loading. The load required for passage of a specimen into a state of plastic deformation is fixed by a scale 
factor, V.R, Regel’ and G, V. Berezhkova have studied the relation between load and specimen dimensions in 
various types of plastic, showing the load to increase with diminishing &, from about 1.5 on (a is the ratio of 
specimen height to diameter) [4]. Impact machine experiments with explosives usually make use of charges 
whose depth is less than 1 mm at a diameter of 10 mm, The depth of layer compressed between the impacting 
surfaces is usually less than 0,1 mm, so that & = 0,01, It is clear that the scale effect must be significant for work 
on the impact machine, L, M, Kachanov [5] has considered the compression of a thin homogeneous disk (« << 1) 
between the rough ends of absolutely rigid cylinders, The load under which a specimen will pass into the plastic 
state can be found from the theory of elastoplastic deformation, This value is related to & through: 


P —* (1) 
where ag is the flow limit, 
Thus, the thinner the specimen, the greater the effect of the fixed flow boundaries, and the more difficult 


it is to induce plastic deformation, Thermal evolution does not occur if the impact pressure remains less than the 


pressure given by (1), which is to say that each value of the impact energy is associated with a critical value of 
a below which explosive decomposition cannot occur, 


On the other hand, autocatalytic chemical reaction results when the condition of the Frank-Kamenetskii 
criterion is fulfilled, i.e., when [6]: 


PQEze 


15 


Here Q is the heat of reaction per unit volume, E is the activation energy, z is 
the frequency factor, x is the coefficient of thermal conductivity, and 6 = 3,32 
for a spherical center, The critical temperature T, corresponding to any dimen- 
sion d, can be calculated from the known values of these quantities, One of the 
present authors has shown [7] that heating must be accompanied by a uniform 
compression in order to form a center when the calculated T proves to be greater 
Q than the melting point Tip of the given substance, The magnitude of this com- 

pression is given by P = (T— Tinp)/ X, Where xX represents the elevation of melt- 

ing point per atmosphere, a quantity equal to 0,02 deg/ atmos for most second- 
—— rf ary explosives, Setting the dimensions of the hot center equal to the height of 
the compressed specimen gives: 


4xR (Tryp t xP? (2) 


where D is the specimen diameter, Pressures higher than those found through (2) will be required for local super- 
heating of dimensions less than assumed here, 


One thus obtains the necessary conditions for the formation of a hot center through plastic deformation, 
Equation (1) gives the condition for specimen flow (a << 1), This condition reduces to the requirement that P = 
= oy when the value of & is such that the scale effect is without significance, Equation (2) gives the critical stress 
as a function of the dimensions of the test specimen, It is impossible to induce explosion if the pressure developed 
in impact proves to be less than one of the values obtained from these two conditions, 


It is of interest to consider two sharply divergent cases, Tf] < Typ and Ty > Tmp, in the light of condi- 
tions (1) and (2), A number of initiating explosives flash up to the appearance of a liquid phase. Equation (2) 
falls out of account for these materials, and the condition for flow becomes the necessary requirement for explo- 
sion. Tj > Tp for most secondary explosives, and the flow limit is not high. For these materials, the condition 
of critical stresses is the principal requirement to be fulfilled in explosion, just as would be anticipated, 


The aggregate of quantities entering conditions (1) and (2) will determine the pressure required for the forma- 
tion of a center in each experiment, The significance of these conditions can alter, since © varies during impact 
deformation, The case in the figure, in which Curve I gives the pressure required by (1), and Curve II that required 
by (2), will be considered as an illustration, Limitation will be made to the ideal plastic body, The alteration of 
pressure in deformation then follows Curve I, and condition (2) is fulfilled only fora = a, and a= Gp, It is only 
under these latter conditions that an effective hot center can arise, 
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The studies of A. N. Frumkin et al, [1,2] and the work of others [3], have shown that a capillary active sub- 
stance will form an electrical double layer at an air— water interface. The charge distribution in this double layer 


is determined by the orientation of polar molecules and by the preferential adsorption of ions of some particular 
charge, 


There is reason to suppose that the energy relations favor a surface of oxygen anions in solid [4] and liquid 
[5] oxides, just as in aqueous solutions [6,7]. This does not exclude the possibility, however, that large singly 


charged alkali metal cations might partially replace oxygen ions from a melt surface [8] and reverse the charge 
distribution in the double layer, 


We have checked this point experimentally by studying the variation with concentration of the 1500°C sur- 
face tension (a) and potential (€,) at the air interface of Cs,O—Nb,O;, Nb,Os, and CaO— Nb,Os systems, 


These experiments were carried out in a graphite resistance furnace which was equipped with a quartz tube 
to protect the cell from a reducing atmosphere, The starting materials were pure cesium and potassium carbon- 
ates, calcium oxide, and niobium pentoxide containing 1.5% TiO,, SiO,, Fe,O3, and TagOg, and 0.55% K and Na, 


The surface tension was determined by the method of maximum bubble pressure [9], using oxygen as the 
working gas, A corundum tube, 4 mm in internal diameter, was raised with the wetting melt to a position 1.5 


mm above the melt surface, and the pressure measurements there carried out, The technique was tested on water 
and on molten PbC], and KCl, 


The surface potential (€,) was studied by the method of Guyot and Frumkin [10], using the following cell: 


Pt | NbsOs | O2| Pt | O2} NbsO,'-+ MeO| Pt. 
1 2 3 4 5 6 


The platinum electrodes at the extremities of this cell were in contact with Nb,O, and Nb,O, + MeO melts in 


separate ZrO, crucibles, The middle electrode was sheathed in an alundum tube, just as the others, and was con- 
tinually bathed in oxygen. 


The sum of the junction potentials 6 (€) and 5 (€,) with respect to a gas electrode (€ g) was measured on a 
PPTV-1 potentiometer, and proved to be positive in each case, i.e., 


Ae = € + &; —&g> 0. 


A radioactive substance was not used here because there was considerable ionization of the furnace atmo- 


sphere at 1500°[10], The constancy of the potential was checked against a standard electrode immersed in the 
Nb,Os. The quantity 


= 
| 
a 


Aey = + — 


20 (junctions 1, 2, 3) proved to be practically constant in most cases. A 
J time of about 40 min was often required for attaining a constant reading. 


The difference in the electrochemical potentials at junctions 1 and 
mL 6, A€, = €y— €, was measured by juxtaposing the crucibles, and using a 
thin Nb,O; layer to form a liquid bridge between them, The electromo- 
° tive force of such a cell was presumed equal to Aé€,, the diffusion poten- 
tial being neglected [11]. 


The difference in the surface potentials was calculated by using the 
quantities Ae°, Ae, and 


Ae, = — = Ae, — Ae — 


The figure shows that the values of o and A€ diminish sharply as 
K,O and Cs,0 are added up to 10 mole percent, and then fall off gradual- 
ly as the MeO concentration is increased.* On the other hand, addition 
of CaO raises the surface tension and leaves the value of A € almost un- 
altered, Curves of this type show that the Cs* and K* cations have capil- 
lary activity, whereas the Ca”* ion does not. 


tr, 1” The increase in the value of A€, indicates that the potential of the 
2 XH S80 mole % melt surface (€,) becomes less positive as the Me,O concentration rises, 
At 10 mole percent, this diminution amounts to approximately 65 mv for 
Cs,0, to 45 mv for K,O, and to only 2 mv for CaO, 


10 
Isotherms for surface tension and 
alteration in surface potential: 


1), 2), 3) o = f(N) for Nb,O; Platinum is known [12] to be covered with oxygen ions in an oxygen 
with Cs,0, K,O, and CaO, re- atmosphere and to be, itself, positively charged, i.e., Eg > 0. Since 
spectively; 4), 5),6) Ae = f(N); A€, and Aé€, are positive in the present case, it can be assumed that the 
7), 8),9) A€, =— f(N); 10), 11), outer envelope of the melt surface layer is also principally formed from 
12) Ae, = f(N) for these same oxygen anions, The adsorbed Cs* and K* cations must replace the oxygen 
systems, from the double layer rather than the niobium anions, since the charge of 


this layer diminishes with decreasing €,. In other words, the Cs* and K* 
cations are distributed in the external envelope at the interface between the melt and the gas, The fraction of 
the adsorbed cations located on this interface was determined from the surface concentration (Ns) as evaluated 
by two different methods, One of these methods utilized the Gibbs equation for ideal solutions: 


RT ON’ 


Values thus obtained for the adsorption’, at 10 mole percent of added oxide, are presented in the table, This 
same table gives surface concentrations of the oxides (N,) as calculated from the value of ', and the geometrical- 
ly possible number of molecules per 1 cm* (n): T = n(N,—N). The other method determines the value of Nf 
from the alteration in the surface charge (Aq) by supposing the double layer to approximate a plane condenser, 
From the known value of A€,, and the assumption that C = 15 mf/ cm {13], we obtained: 


Aq = Ae.C, 


from which it follows that 
Aq 


Ns = 2nNoe 


Here, No is the Avogadro number, e is the electronic charge, and the factor 2 takes account of the number of ions 
in the Me,O molecule, 


*The Me,O concentration was actually higher, since the niobium pentoxide originally contained 2,3 mole percent 
K,0 + Na,O, 


6, erg/cm* 
68 mv 
wk 
‘ 
hy 
6 
/ 
5 
| 
718 


A Comparison of Values of Ns Calculated from Ao The data of the table show that Nj is consider- 
and from A€, ably less than Ng, a fact which can scarcely be due to 
e 2 of the calculations, The observe repancy be- 
| tween the values of Nj and N, indicates that it is 
principally the niobium cations which are found dis- 
| 0.1] 2.45 0.436 0.0228 | 0,052 tributed more deeply below the surface than the oxy- 
K,O | 0.1 3,18 0,415 0.0112 | 0,027 gen anions that are displaced by those Me* ions which 
CaO | 0,1] 0.072 0.0003 | 0,004 fall into the double layer, Only a small fraction of 
these Me” ions displace the O*” anions from the sur- 
face, In other words, the adsorbed Me,O in the surface is orientated principally by the oxygen anions, and only to 
an insignificant extent by the Me* cations, A similar situation has been observed in aqueous solutions [2], where 
the potential €, is less than that calculated for full dipole orientation, 


It is interesting to note that the ability to displace O?” anions diminishes in going from Cs* to K*, and prac- 
tically disappears in Ca®* (see table), In other words, this ability diminishes with an increase in the electrostatic 
potential, 


The difficulty associated with the displacement of the oxygen ions from the melt surface is the result of the 
high polarizability of these ions [5]. The one-sided deformation of the electron cloud of the O*” ion by the nio- 
bium cations lying further from the surface leads to a marked diminution in effective charge (from 2e to le, for 
example), The energy of binding of such ions with the surface proves to be comparable with, or even somewhat 
lower than, the energy of binding of the singly charged cesium and potassium cations, 
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Numerous papers on the mechanism of the action of antioxidants have appeared in the forty-five years that 
have elapsed since the discovery of the first of these substances by Muro and Dyufress * 
work on oxidation inhibitors has been systematized and generalized in the review [1]). 


v oy 3 


Fig. 1. The time rate of increase of the concentra- 
tion of active centers during oxidation in the pres- 

ence of various amounts of added antioxidant: 0) a 
without addition; 1) with addition of an amount of : 
Ko; 2) 3) 3kq; 4) 5) 


(the fundamental 


Fig. 2, The increase of the 
induction period as a func- 
tion of the initial concentra- 
tion of the antioxidant, 


Nevertheless, adequate study has not yet been 
made of the relation between the induction period 
in oxidation and the antioxidant concentration, In 
work on polymerization [2] it has been assumed 
that a relation of the type 


t= x/w, 


(1) 


exists between the rate of initiation wj, the induc- 
0 / 2 p _3 2 70% mole/ kg tion period T, and the inhibitor concentration x, 
Fig. 3. The relation between the induction period 
é induction period with the inhibitor concentration, 
for the destruction of polypropylene by thermal phage 
‘ This equation is also frequently applied for deter- 
oxidation and the amount of added antioxidant, ‘ 
a } , mining the rate of initiation of liquid phase hydro- 
Po, = 300 mm in each experiment, 


carbon oxidation, 


* Names not verified. 
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In a recent paper [3] it has been shown that the induction period for the oxidation of rubber rises linearly 
with the concentration of antioxidant, but only up to certain rather low antioxidant concentration, This relation 
breaks down with further increase in the antioxidant concentration, since the inhibitor is then itself markedly oxi- 


dized and begins to function as an initiator, 
The effect of very low concentrations of antioxidant on the induction period for oxidations has not yet been 
studied, 


Oxidation in the gaseous, liquid, and solid phases is known to proceed according to the theory of degenera- 
tive branching which has been developed by N. N. Semenov [4]. The concentration of active centers n increases 
with time according to the equation 


(2) 


where ¢ is the factor of autoacceleration, 


If an antioxidant which will break the chain is added to the reacting substance to a concentration x, the re- 
action will then be described by the following system of equations: 


a = w; + gn — kxn, (3) 
dx 


The k term of these equations represents the rate constant for reaction of the inhibitor with the active centers, It 
is here supposed that chain rupture leads to the formation of a stable radical which is practically without effect 
on the course of oxidation. 


We will now introduce the dimensionless variables: concentration of active centers v = n/wjT9; concentra- 
tion of antioxidant x = x/wjTo; and time @ =t/T». Equations (3) and (4) then take the form: 


dv _ 4 5 
= +av— (5) 


dx 
bxv. (6) 


Here a = ¢T, and b = kw,T?. 


When ky < a/b, the dimensionless concentration of active centers and the rate of oxidation increase ex- 
ponentially with time, as indicated by the curves 0-2 of Fig. 1. When kp > a/b, the reaction rate quickly takes 
on a low, approximately stationary. value, and the concentration of active centers is then given by: 


v1 /(bx,— a). (7) 


The induction period comes to an end only after consumption of the antioxidant has reduced the value of 
the product bk 9 approximately to a, and the reaction rate then begins to increase, as shown by Curves 3-5 of Fig.1. 


It is customary to consider the end of the induction period to be the time at which a measurable amount of 
the reaction products corresponding to the value v, has accumulated in the system, This value of v, is indicated 
in Fig. 1 by a broken line, the length of induction period for a given amount of added antioxidant xy being determined 
by the abscissa of the point of intersection of this line with the curve v = f(@), 


It is understood that the length of the induction period alters comparatively slowly at low values of Ko, and 
much more rapidly at high values, as is shown by Fig, 2, Here, the segment AB corresponds to values such that 
Ko <a/b, and the segment BC to values such that ky > a/b, There is actually a gradual transition from segment 
AB to segment BC, as shown by the dotted curve in the figure. 


We have tested these conclusions by carrying out a series of determinations of the length of induction period 
in the destruction of polypropylene by thermal oxidation, using derivatives of phenol and aromatic amines at vari- 
ous concentrations as antioxidants, 
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Each of the investigated cases confirmed the considerations adduced above, insofar as the value of the deriva- 
tive dr /dx was low at low concentrations x, and increased rapidly at higher concentrations. 


The results of our experiments on the determination of the length of the induction period for the oxidation 
of molten polypropylene in the presence of various amounts of added antioxidant A, 


OH OH 
| 
(CHa)a S— —7S—C(CHa)s , 


| | 


| | 
CHys CHs 


are presented in Fig. 3 by way of illustration, 


These experiments were carried out statically at an oxygen pressure of 300 mm, The experimental tech- 
nique has been described in [5]. The induction period T increased very slowly as the concentration of the anti- 
oxidant was altered from zero to 10°* mole/ kg. The slope of the curve t = f(x) rose sharply with further increase 
in the inhibitor concentration, the break point moving into the region of higher concentrations with increasing 
temperature, 


In the region of low concentrations of the antioxidant, the value of the slope dt/dx was 10°, 3 + 105, and 
2° 105 sec » kg/ mole at 190, 200, and 210°, respectively, Limiting values of these slopes can be obtained from 
Eq. (3) by an elementary procedure, Integration of this equation, considering xp to be small and constant, gives 


kXxo 
It has been shown by one of us [6] that it can be assumed that Tn = const at the end of the induction period; 
this leads to the approximation relation 


— t = const. (9) 


When Xp = 0,T = To, we have: 


(10) 


Thus the limiting slope of the curves of Fig. 3 is expressed by kt) /¢ at low values of Xp. At our experi- 
mental temperatures of 190, 200, and 210°, rT» has the value 720, 600, and 480 sec, respectively, while ¢ has the 
value 0,015, 0,027, and 0,037 sec™*, The values of the limiting slope developed above can be used to obtain 
values of k at the indicated temperatures, namely 21, 14, and 15 kg/ mole * sec, These results point to very low 
values for the activation energy and the steric factor in the reaction between the antioxidant and the active 
centers, 


We will now consider the slopes of the T = f(x) curves of Fig. 3 at higher values of x, At 190, 200, and 
210° these slopes were equal to 6 * 10°, 2 » 10°, and 10° sec + kg/ mole, respectively, It follows from Eq, (1) that 
the limiting value of the slope under these conditions is equal to 1/w;. From this it is clear that wi alters from 
1.6 °10 ’to 10 °107’ mole/ kg * sec over our interval of working temperatures, This corresponds to an activation 
energy of approximately 40,000 kcal/ mole, 


The generally accepted reaction for the initiation of hydrocarbon oxidation, 


RH + + HOO’ , 
is characterized by activation energies of 40,000-50,000 kcal/mole [7]. 


The effectiveness of various inhibitors can be compared in terms of the rate constants k, determined as in- 
dicated above, In this way, we have shown that N,N*-phenylcyclohexyl-n-phenylenediamine is approximately twice 
as effective an antioxidant for polypropylene as inhibitor A at low concentrations, 


k , RG 
T =: Ty ( | Xo) = Ty 
- 
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The participation of solid bodies in a heterogeneous chemical reaction entails the existence not only of 
chemical processes but also of those crystallization processes which are involved in the lattice breakdown of the 
parent substances and the formation (in most cases) of new lattices of product materials, The formation and growth 
of nuclei of a new phase will occur in this last case, The laws governing this process when it occurs in the pres- 
ence of a solid phase of a parent substance from which the new solid phase is to be formed by chemical reaction 
are unknown, There has also been no study of the effect of chemical and crystallization processes in fixing the 


observed reaction rate, nor of the interrelation of these processes and their effect on one another and on the over- 
all reaction, 


Work on the decomposition of carbonates [1-7], crystal hydrates [8-10], etc, has shown that the character of 
the kinetic curves for reversible reactions is dependent on the degree of departure of the system from equilibrium 
during the course of the reaction, The rate of a vacuum decomposition reaction is at a maximum initially, and 
falls toward zero with the passage of time, The rate vs, time curve passes through a maximum in the neighborhood 
of the equilibrium point as a result of the difficulty of forming nuclei of the new phase, Thus, the rate of forma- 
tion of a new phase can prove to be the decisive factor for the over-all solid-phase reaction near equilibrium, The 
work required for the formation of stable nuclei from a gaseous phase or a solution is known to be fixed by the 
equation 

M2 


2 
(In 


This work becomes infinite for unit supersaturation, so that stable nuclei of the new phase cannot then be formed, 


Considerable scientific interest attaches to an elucidation of the role of supersaturation and crystallization 
processes in reactions, We will treat certain of these processes for reversible reactions, 


Consider the reaction 


Ky 


AB, = A, + Q. 


The reaction rate is given by 


V = (Pog — (2) 


where Pog is the equilibrium pressure, Pg is the working pressure, and f (Pog) and f (Pg) are the corresponding 
quantities of adsorbed gas, 


_ 


Fig. 1. The relation between the temp- Fig. 2, The relation be- 
erature and the logarithm of the rate tween the temperature and 
constant for the decomposition of cad- the logarithm of the rate 
mium carbonate under the following constants for the decomposi- 
carbon dioxide pressures (mm Hg): 1) 0; tion of cadmium carbonate 

2) 1.5; 3) 10; 4) 100; 5) 200; 6) 400; 7) at the following supersatura- 
600; 8) 755. tions /P¢o,+ 1) 5; 2) 

10; 3) 100; 4) 1000; 5) 10,000, 


In a first approximation it can be assumed that 
(Pog) = aPog f (Py) = (3) 
Over a comparatively narrow temperature interval it can be supposed that 
Pog = (4) 


The reaction rate is then 


V=KS, K — (2a) 


Introducing K°e—9/RT in place of K, and Ke in place of K,, supposing that a = aye */ RT and that 
n is independent of temperature, we obtain the equation 


= 42 +nQ—A (5) 
at =0, 
The case n = 1 gives the equation qy = q2 + Q— A; for other cases, we have 


We will consider two situations. 


Case 1, Reaction proceeds at various temperatures and fixed degree of supersaturation or unsaturation, Here, 


If the supersaturation is the same for all temperatures, it follows that 


Pog n 
( Re) = const. 
The substitution of (8), together with the expressions for K, K,, and Pog into Eq. (7) gives 


alconst — 1] 


from which it follows that 
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Thus, the energy of activation obtained from the reaction rates at fixed supersaturation and various tempera- 
tures is a constant quantity, invariant under change in the degree of supersaturation, and equal to the activation 
energy for vacuum decomposition [Eq. (5)). 


Case 2, Reaction is carried out at various temperatures and fixed gas pressure. In this case, 


py 
-RF aT In(C'« Pg) 


n j—nQ/RT 
RT RT* ic" Cc nQ/KT Pg) RT 2 


Equation (10) reduces to (5) when Pe = 0, i.e., when decomposition occurs in vacuum, 


When PS > 0 we have qy > qg + nQ-A, and when Py = Poe 


(11) 
qi = 


Thus, the activation energy can vary from q, + nQ— A (5) to infinity, depending on the initial gas pressure, 


We have checked these conclusions by studying in detail the kinetics of the decomposition of cadmium 
carbonate in vacuum at constant CO, pressure under variation of temperature and degree of supersaturation, The 
pressure and supersaturation were held constant in the course of each experiment, 


The results of our measurements are presented in Figs, 1 and 2, Each curve of Fig. 1 was obtained by vary- 


ing the temperature at a constant pressure, while each curve of Fig, 2 corresponds to a temperature variation at 
constant supersaturation, 


Values of the activation energy calculated from Figs. 1 and 2 are given in the table, The data of this table 
are in complete agreement with the ideas presented above, At the same time, the rate constant and the activation 
energy prove to be independent of the crystallization process at supersaturations of 5-10,000, the work of formation 
of the nucleus varying with the supersaturation, while the calculated activation energy is independent of it, 


Poos. mm 0 1.5 190 200 400 600 755 
kcal/ mole 36: 65 .68 77 107 40 160 
100m 
q,kcal/ mole 33) AS 43 36 36 


Since the crystallization processes are without effect on the rate constant and the activation energy in re- 


versible reactions over the indicated interval of supersaturations, there is all the more reason that they would not 
influence irreversible topochemical reactions, 
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We have investigated the mechanism of the action of hydrogen in altering the mechanical properties of 
metals by studying the effect of cathodic polarization on certain characteristics of rolled iron, rolled nickel, and 
of dull and bright electrolytic nickel, Cathodic polarization was carried out in 10% H,SO, containing 0,1 g/ liter 
of Na,S, working at a current density of 100 ma/cm® and a temperature of 20-25°C, 


The following methods were used in this study: 
1) diffusion of hydrogen through a diaphragm; 2) 
bending of single and double plates during one-sided 
polarization [1] (h = f(T) curves obtained by this 
procedure are presented in Fig. 1]; 3) determination 
of hydrogen by vacuum extraction; 4) x-ray analysis; 
and 5) determination of mechanical strength before 
and after polarization, 


Diffusion studies showed that hydrogen pene- 
7 18 HHH DB nin trated rolled nickel to a depth of 30p or less, and 
gave rise to internal stresses of the order of 10 kg 
Fig. 1. Curves showing plate bending during cathodic per mm*, Hydrogenation of the nickel led to brittle- 
polarization: 1) iron; 2) rolled nickel; 3) electrolytic ness,* and to a reduction in the mechanical strength, 
nickel (the arrow indicates the instant of opening the The absence of plastic deformation was indicated by 
circuit), the fact that the internal stress disappeared complete- 
ly after turning off the polarizing current (Fig. 1, 2), 
although the metal still remained brittle, 


Brittleness disappeared after the metal had been held in air for 60-70 hours, All of the occluded hydrogen 
passed out of the metal during this time. 


X-ray studies showed that grain disintegration occurred during hydrogenation (Fig. 2), The mechanical 
strength of nickel increased by 5-6% as the result of hydrogenation, 


Studies on the diffusion of hydrogen through deposits of dull and shiny electrolytic nickel showed a deeper 
and more rapid penetration than in the case of rolled nickel, In turn, the hydrogen penetrated shiny nickel more 
rapidly than dull, The internal stresses due to the occlusion of hydrogen in nickel were also of the order of 10 
kg/mm?*, Cracking of the deposit occurred during hydrogenation (Fig. 3a), There was an intense evolution of 


* The change in the degree of brittleness of nickel can pass unnoticed in working with thick plates, since embrittle- 
ment occurs only to the depth of penetration of the hydrogen, and this depth is quite minute. 
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Fig. 2. X-ray diagram of nickel: a) prior to hydrogenation; b) after hy- 
drogenation, 


Fig. 3, Electrolytic nickel; a) during polarization; b) immediately 
after removal of polarization; c) after holding in air, 


Fig. 4. Iron: a) prior to hydrogenation; b) after hydro- 
genation, 225 X, 
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hydrogen from the metal when the polarizing current was turned off,and the internal stress disappeared (Fig, 1, 3, 
segment ab), but the deposit remained brittle.* Holding the deposit in air for 60-70 hours brought about the 
escape of all of the occluded hydrogen from the metal and a disappearance of brittleness (Fig. 3c). 


After loss of brittleness, the mechanical strength of the electrolytic nickel proved to be 15-20% greater than 
it had been initially, X-ray studies showed a widening of the lines in the pattern obtained from the deposit after 
hydrogenation, 


Diffusion studies showed that hydrogen rapidly penetrates iron to a considerable depth, The diffusion of hy- 
drogen into iron is accompanied by the formation of stresses of the order of 15 kg/ mm* [2], with enhanced em- 
brittlement and local breakdown (Fig. 4). A considerable quantity of hydrogen is thereby occluded in the iron, 
Experiments showed that the hydrogen will pass out of hydrogenated iron spontaneously when the latter is held in 
the air for 6-7 days, Measurements indicated that the mechanical strength is lowered by 15-20% as a result of 
hydrogenation, the change being irreversible, Bending studies (number of bends required for rupture) showed that 
freshly hydrogenated iron foil will withstand 60-70% fewer bends than iron which had not been hydrogenated. 
Holding the metal in air brought about complete escape of the hydrogen, but the bend strength remained 50% 
lower than it had been initially, so that the reduction here is only partially reversible and conforms with the data 
on the reduction of mechanical strength, X-ray studies showed that there was no alteration of the crystallattice 
parameter of the iron, 


Thus, these studies have disclosed the formation of internal stresses with a simultaneous reduction of the 
mechanical strength as the result of diffusion of hydrogen into a metal, The mechanism of this process can be 
represented in the following manner, The hydrogen which diffuses into the interior of a metal accumulates in 
the structural defect cavities, and there builds up a pressure of the order of 10 kg/ mm”, while another part of this 
hydrogen adsorbs on the surface of these defects and thereby reduces the surface energy. This last leads to the ad- 
sorptional reduction of the mechanical strength of the metal, 


The metal will begin to disintegrate if adsorption reduces its mechanical strength to the value of the result- 
ing internal stresses, This effect is observed in the polarization of electrolytic nickel, The metal will break 
down without plastic deformation if the value of the internal stresses remains less than the flow limit.** The 
quantitative relation between the processes involved in metallic breakdown under high pressure and in breakdown 
as the result of adsorptional diminution of mechanical strength will alter markedly in passing from metal to metal 
(iron, nickel), Moreover, supplementary processes occurring in one metal may not be observed in others, Thus, 
diffusion of hydrogen into iron results in grain disintegration, whereas no similar effect is observed in iron, 


Analysis of the experimental results on the diffusion of hydrogen into nickel led to the conclusion that the 
principal factor in lowering the mechanical strength is the adsorptional reduction of strength, the internal stresses 
resulting from the occluded hydrogen playing a secondary role,*** 


Experiments showed that the internal stresses which are produced in nickel disappear completely and com- 
paratively rapidly on turning off the polarization current, although the metal remains quite brittle and has a 
mechanical strength of approximately zero, This indicates that there is no connection between the internal 
stresses on the one hand, and the reduction of strength and the appearance of brittleness on the other, The hydro- 
gen passes out of the nickel spontaneously and completely when the metal is held in the air for three days, and 
the brittleness disappears, The strength of the metal, on the other hand, not only returns to its original value, but 
exceeds this value by 15-20%, It might be supposed that the disappearance of brittleness and the escape of the 
hydrogen were two independent processes which occur simultaneously in nickel, If this were the case, brittleness 
would persist when the hydrogen was removed rapidly, Experiments showed that the rapid removal of hydrogen 
from a deposit over 10-15 minutes, working in vacuum without heating, would result in the same loss of brittle- 
ness as a long holding in the air, 


*The mechanical strength of electrolytic nickel is practically equal to zero, and the metal can be ground to a 
powder (Fig. 3b), 

** Thus, nickel breaks down without plastic deformation, whereas bending and breakdown of iron are accom- 
panied by such deformation (Fig, 1, 2 and 1, respectively), 

“eee ee strength of shiny nickel is 88 kg/mm? prior to hydrogenation, Pulverization occurs at op = 
= 10 kg/mm*, 


All that has been said points to the existence of a unique relation between the residual brittleness and the 
adsorbed hydrogen which spontaneously but slowly escapes from the metal, The observed increase in the mechan- 
ical strength of nickel resulting from hydrogenation and the escape of the occluded hydrogen are obviously con- 
sequences of an adsorptional disintegration of the metal grains, It is quite unlikely that the effect here is much 
the same as that described in [3]. 


Analysis of the experimental data led to the conclusion that the mechanical strength of iron is reduced in 
hydrogenation as a result of the pressure which is produced in the metal, Thus, the irreversible deformation on 
bending, the irreversible reduction of mechanical strength on pulverization and bending, and the presence of local 


disintegration are all results of hydrogen pressure rather than the adsorptional effects, This conclusion is in agree- 
ment with the data of [4]. 


Thus, hydrogen diffusing through a metal will alter the metal's properties by generating stresses and by the 
adsorption which it experiences, The adsorptional reduction of mechanical strength can be of considerable pro- 
portions in some cases, amounting to 90% or more of the initial value for a nickel deposit, 


The data which have been presented are in conformity with the concept of the adsorptional diminution of 
mechanical strength through the action of surface active substances (gaseous, in the present case), which has been 
advanced by P, A. Rebinder and his co-workers [5]. 
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Study of the photolysis of organic compounds under various conditions has made it possible to develop a 


method for determining the ratio of the rate constants and the difference of the activation energies of competing 
elementary radical reactions (1). 
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Fig. 1. The temperature dependence Fig. 2, The temperature dependence of the 


of the proportions of various deutero- CH;D/CH, ratio in experiments on the pyrolysis 
methanes formed in the pyrolysis of of: I) di-tertiary butyl peroxide; IL) acetone; 
acetone, III) dimethyl mercury; IV) acetaldehyde, 


A knowledge of the rate constant and the activation energy of one elementary step makes it possible to de- 
termine corresponding values for other elementary reactions as well, The reaction of radicals with molecular 
deuterium is one of the elementary processes which is most frequently used for this purpose, 


Here, comparison is made of the rates of two processes, such as: 


R-+ RH + RH +R; (1) 
R+ D2—>RD+ D. (2) 


From a knowledge of values of the RH and RD ratio in the products obtained at various temperatures, and 


the activation energy for reaction (2), Ez (equal to 11.7 + 0,1 kcal for methyl radicals [2]), it is possible to find 
the activation energy for the elementary reaction (1), 
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It should be noted, however, that this method was developed for exclusive use with photochemical reactions, 
and that considerable experimental difficulties attend its application to other types of reactions, in general, and 

to thermal processes, in particular, These difficulties arise principally from the possibility of secondary reactions 
which give the same products as are obtained from reactions (1) and (2), 


We have investigated the application of deuterium for determining the rate constants of the elementary 
processes involved in the pyrolysis of certain organic compounds which we had under study, We also hoped to ob- 
tain experimental confirmation of the conclusions of Voevodskii, Lavrovskaya, and Mardaleishvili [3] concerning 
the possibility of isotopic exchange between free radicals and molecular deuterium, 


It is the opinion of these authors that the exchange reaction 


H 
Dit R —CHD +HD (3) 


proceeds at high velocity, and results in complete displacement of the hydrogen atoms attached to the valence- 
unsaturated carbon when the deuterium is present in excess, 


The present work has studied the displacement of hydro- 
TABLE 1 
gen atoms from molecules of a reacting substance by the methyl 
Pyrolysis of Acetone, 508°C radicals which are formed in the pyrolysis of acetaldehyde, ace- 
tone, dimethyl mercury, and di-tertiary butyl peroxide in the 
Expt. Expt. | P» presence of D,, These experiments were carried out in a jet in 
| CH,D/CH, CH,D/CH, high- 
No. | sec No. |mm a high-vacuum apparatus, working over the temperature inter 
ee Hg ma val from 130-850°C (the temperature was measured with an ac- 


curacy of + 1°) with various times of contact (0,1-4 sec) and 


Unpacked reactor total pressures (0,6-5 mm Hg). The investigated compounds 


P 0,8 mm Hg +t == 1.60 sec were subjected to thermal decomposition in a quartz vessel 

= 130 em*) witha 10- - 
2661 0.341 3.84 om | 6.0 (V em’) witha10 to 15-fold excess of deuterium, the 
2671 0.451 3.58 | 272 | 5.0 | 3.64 percentage reaction ranging from 0,001 to 10%, 
268 | 0.77 3.63 273 4.0 3.59 
269 | 1.48 3.59 274 | 2.0 3.61 The reactor was filled with quartz tubes in one series of 
270, 1.72 | 3.60 | 275 | 1.0 | 3.60 experiments to alter the S/V ratio by a factor of 15. 

P y 


Packed reactor Principal attention was directed to a study of the com- 


P—1,0 mm Hg ¢ htt position of the methane which was the basic product obtained 
; by subjecting each of the investigated substances to pyrolysis 


under various conditions, Measurements of the relative amounts 
28110.65| 2.99 | 298 | 4.0 | 3.54 of the different deuteromethanes were carried out on a MS-4 
282] 1.17] 2,98 299 | 2,0 3.30 mass spectrometer, 
823 | 1.70 2.99 300 | 1.0 2.98 

301 | 0.5 2.44 


Figure 1 shows the temperature dependence of the pro- 
portions of the various deuteromethanes which were formed in 
TABLE 2 the pyrolysis of acetone. A similar distribution was found for 
the deuteromethanes which were formed from the other investi- 


gated substances, The percentage reaction varied with the 
time of contact, ranging from 0,01 to 5% for temperatures up 


Substance AE | Literature Ey 


to 500-600°, Here the methane consisted exclusively of CH;D 
CHy CO-CHs |2.5+0.2/9,2+0,3] 9.60.4 (*) and CH, molecules, The ratio between the numbers of these 
Deg t molecules was independent of the total pressure and the time 
CHsCHO 3.8+0.417.940.5 7840-4 ts of contact, at fixed temperature, a fact which could serve as 
(CH3)sCO2 2.2+0,2)9,.5+0.3141.7:+0.3 (4) indication of the absence of secondary processes under these 
(CHs)s 1.940. (19) 


conditions, The percentage reaction increased at temperatures 
in excess of approximately 600°, rising to 10-30%, and the 

product contained polysubstituted methanes ranging all the way 
to CD4. This last was the result of secondary reactions that 


= 
>a 
wat 
at 
& 
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ap 9 4 


arise, principally because of an increase in the concentration of the deuterium atoms in the reaction zone, In the 
experiments on the thermal decomposition of acetone at 500° it was observed that the reactor filled with quartz 
tubes gave the same value of the CH,;D/CH, ratio at pressures above 4-5 mm Hg as the unpacked reactor, The 
first case differed from the second, however, in that a diminution of the total pressure on the mixture led to a re- 
duction in the CH,D/CH, ratio (Table 1), 


The CH3D/CH, ratio was independent of the time of contact in both the packed and unpacked reactors, 


These facts indicate that the reactor surface and the packing affect the reaction rate through heterogeneous 


processes and point to an increase in the proportion of CH, in the product which appears only at low pressures 
(P < 4 mm Hg). 


The experimental data obtained without packing at P > 1 mm Hg are presented below, On the basis of 
these results, it can be affirmed that secondary processes make no essential contribution to the reaction under 
these conditions, and the reaction is not appreciably affected by the reactor walls, 


Figure 2 presents the experimental data which were obtained from the study of the temperature dependence 
of the CH,;D/CH, ratio in pyrolysis of the investigated compounds, Differences in the activation energies for proc- 
esses (1) and (2) and absolute values of the activation energy for the displacement of hydrogen atoms from the 
various compounds by methyl radicals have been obtained on the basis of these data and are presented in Table 2; 
they are in good agreement with the results reported in the literature. The considerable deviation of the E, value 
for the displacement of the hydrogen atom from di-tertiary butyl peroxide clearly results from the fact that the 
energy of activation given in the paper of Pritchard, Pritchard, and Trotman-Dickenson [4] is too high, activation 
energies of this magnitude being found only for the displacement of the hydrogen atom from methane by the 
methyl radical (E, = 12,8 keal [1]). 


The experimental data can serve as indication that, up to temperatures of 500-550°, secondary reactions 
will not cause difficulties in measurements of the rate constants of elementary radical reactions by comparison of 
the rates of reactions (1) and (2), 


A comparison of the energies of activation for displacement of the hydrogen atoms from the various organic 
compounds by methyl radicals in photochemical and in thermochemical decomposition shows that the "*hot" ra- 


dicals which have been discussed in the literature [5] are not formed in the photolysis of these substances, 


At the same time, it can be concluded that the mechanism proposed by Voevodskii and his co-workers for 
exchange between radicals and molecular deuterium is not valid for the conditions of thermal reaction, since 
polysubstitution final products result from secondary substitution processes only at temperatures above 600°. 
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THE ELECTRON DENSITY DISTRIBUTION IN INDIUM ARSENIDE 
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Special interest attaches to the arsenides which are found among the semiconducting compounds of sphaler- 
ite structure that are formed from the elements of groups three and five, AUlpv, This is due not only to the prop- 
erties which they show as semiconductors, but also to the fact that they combine high current mobility with a 
relatively wide forbidden zone. Thus, a study of electron density distributions could be quite significant for an 
understanding of the nature and energy of the interatomic bonding in such compounds, and for an elucidation of 
the factors which are responsible for their peculiar physical properties, 


As 


50 0 25 50 


0 25 
Fig. 1. A) The square of the structure amplitude , 
F” of indium arsenide plotted as a function of Fig. 2. The atomic scat- 
Dh. B) The atomic scattering factor f plotted tering factor plotted as a 
as a function of Dhj for the indium and arsenic function of Dhy for indium 
ions of indium arsenide: 1) F4; 2)F3; 3) F%. and arsenic ions, 


Study was made on polycrystalline indium arsenide wnich was ground in an agate mortar and then washed 
with toluene, The diameters of the powder particles fell in the 6-8 interval, The polycrystalline indium arsen- 
ide was prepared from the pure elements by direct synthesis in evacuated and sealed quartz ampoules, following 

the procedure which has been described earlier in [1}. 
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Fig. 3. Diagram showing the electron density distribution 
in the (110) plane of the elementary cell of indium arsenide, 


X-ray diagrams were obtained at room tempera- 


ture in a URS-50-I system, using CuKe radiation, and 
. Ase1/as following a technique similar to that described in [2]. 
300 As (mi (3) uu These experimental data were used for calculating the 
square of the structure amplitude F*, at various Dhj values 
200 200 for lines with even hkl indices, the index sum being di- 
visible by four (1); lines with even hk? , the index sum 
mo 100 being indivisible by four (3); and lines with odd indices 
(2) (Fig. 1A). Figure 1A gives values of the square of 
| oe eas 0 the structure amplitude referred to the individual mole- 
el /A® el/A’ cule, i.e., to one pair of InAs atoms. 
0 : 
(0 \/ 200 since = fin + Fhe and 
as 00 F3 = (fin — fas)®, it follows that =2F2— F?, 
o123456789R 4% If only F% and F% are taken into account, one obtains 
Fig. 4, Electron density distribution in the [111] A 1 
and [113] directions in the (110) plane of the ele- Fin 2 + 2 (a) 
mentary cell of indium arsenide, 
fas = $V FY (b) 


It must be remembered, however, that there is actually only one line for each value of Dhj. Thus, a de- 
termination of the individual components fy, and fa, always involves interpolation between neighboring points, 


Values of the atomic scattering factor of the indium ion fy, and the arsenic ion fq, in InAs are given in 
Fig. 1. The initial segments of the f-curves are dotted, since it is only Fi, the square of the sum of the order 
numbers of the components, which is known with accuracy at rh} = 0, while F} and F3 depend on the degree of 
ionization of the In and As atoms and are not known exactly, 


It is possible to obtain null values of frp and fq, since the Fj curve can be extrapolated to zero with con- 
siderable assurance, It is to be noted that the dotted segments of the ffpn and fas; curves do not affect the calcu- 
lation of the electron density in the InAs lattice, This is true because the values of fy, and fa, at Dh¥ = 0 enter 
into the zeroth member of the three-dimension Fourier series as the sum of the order numbers of In and As in the 
Mendeleev periodic system. 


The logarithms of the atomic scattering factors of the indium and arsenic ions fall nicely on straight lines 
when Dhj > 12 (Fig. 2). 


Calculation of the electron density distribution in the elementary cell of InAs was made on the basis of the 
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values of f7, and f 4,, following the method described earlier [3], and summing the three-dimensional Fourier 
series, Here, the side of the elementary cell was divided into 60 equal parts. 


A diagram of the electron density distribution in the (110) plane of the elementary cell of InAs is given in 
Fig. 3, Figure 4 shows the electron density distribution between the indium and arsenic ions in the [111] and the 
[113] directions in the (110) plane, 


These experimental results can be used for drawing certain conclusions concerning the electron density dis- 
tribution in the elementary cell of indium arsenide, the values of the ionic radii, and the degree of ionization of 
indium and arsenic, 


Considerable interest attaches to the variation of the electron density in various directions, A “bridge” is 
observed in the electron density in the [111] direction over the interval 4 % 14 — °/, °/, 5, the density reaching a 
value of 0,20 el/ A® in the neighborhood of the point % 5% 5%, and falling to 0.03 el/ A® near °/, 4/,°/,. The elec- 
tron density diagram (Fig. 3) shows that this “bridge” extends between the indium and arsenic ions in the [113] 
direction in the (110) plane. It is to be noted that such “bridges” are not observed in germanium, 


There is a pronounced "bridge" of enhanced electron density in the [111] direction between the points of co- 
ordinates 000 and 4, % %, its form being similar to that observed in germanium [2], silicon [4,5], and diamond 
[3]. The lowest electron density in this interval is 0,45 el/ A’, 


It is also to be noted that the electron density at the midpoint between neighboring metallic In ions is of 
the order of 0.15 el/ A® in the [110] direction, and 0,07 el/ A® in the (001] direction, Midway between the arsenic 
ions, the electron density is of the order of 0,10-0,15 el/ A’ in the {110] direction, and <0.03 el/ A’ in the [001] 
direction, 


These results are of considerable interest for the elucidation of the interatomic interaction in indium arsen- 
ide, 
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The theory of the tunnel effect in the passage of atoms across a potential barrier [1-6] has recently attracted 
renewed interest among numerous investigators [7-13], and possibilities of detecting such an effect experimentally 
have been pointed out. Importance attaches to the development of an equation relating the barrier parameters, 
the particle mass, and the temperature at which the tunnel effect begins to be appreciable, An equation of this 
type was first derived for a rectangular barrier in ([7].* V.1. Gol'danskii [11] has recently proposed a similar cri- 
terion for a smooth barrier with a parabolic peak,** This criterion does not, however, permit a precise determina- 
tion of that critical temperature Tg above which the tunnel effect is negligible. With it no more can be done 
than to find a certain temperature Tg < Te below which the reaction rate is fixed by the tunnel effect alone, 
This region of very low temperatures (T < Tg) is one which has not yet been investigated, At the same time, 
special interest attaches to the region of moderate temperatures (Tg < T < Tg), since the tunnel effect is not very 
large here but can still be significant and therefore open to experimental detection, The Gol'danskii criterion 
is unsuitable for delineating the T < T, region from the T > Tg region, since it was derived from an approxima- 
tion for the maximum of the integrated function in the expression 


(1) 


0 


giving the total probability of transmission P in terms of W(U), the barrier penetrability, and w(U,T), the distribu- 
tion function for the energy U. The function f(U) = W(U)w(U,T) does not, however, always have a maximum, and 


the presence of such maximum is not always a significant factor in fixing the contribution of the tunnel effect to 
the total rate of reaction,*** 


* This relation can be written as 
(RT)? jh? or hVEo/ 2m ; (a) 


1 = 6/2 is the half-width of the barrier, Ey is the barrier height, m is the particle mass, and Tg is the temperature 
below which the reaction rate is almost completely determined by the tunnel effect, 
** The Gol'danskii relation has the form 


To V2m, (b) 
where d is the effective half-width of the barrier (d =2 for the parabolic barrier, while d = 1 /m for the Eckart 
barrier, 2 being the half-width of the barrier base), 

*** The F(U) functions for rectangular and parabolic barriers do not show maxima in the region where U < Ep 
(there is, on the contrary, a minimum in the first case [6,7]) if the penetrability of the barrier is defined by the 
Wentzel-Brillouin approximation: W(U) = D exp [(— 4a /h) | ¥2m(V (x) — U) dx}, with constant D, and the energy 
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Thus, it is of interest to find a more exact relation which would permit the delineation of the region of 
moderate temperatures in which the tunnel effect is of considerable magnitude from the region of higher tempera- 
tures in which this effect can be considered as having minor significance for the observed reaction rate, Such a 
relation can be derived for any smooth unidimensional barrier by determining the P'/P® ratio through the same 
method as was employed earlier for the rectangular barrier [7]. Here 


E 


T)dl', =\ wow, T) dU (2) 


are the total probabilities for transmission through and over the barrier, respectively (E is the barrier height. and 
Q is the heat of reaction), 


A preliminary expression for P*/P" can be obtained in the case of the parabolic barrier by making use of 
the Wentzel-Brillouin approximation for P* and the classical expression for P® [4,6,11,13]. Thus, it is found that 
[13]° 

Pt = PO = (4 — — 9), (3) 
¥=E,/RT, 8=2n*dV2mE,/h, wo =(E—Q)/E, (4) 


(Eyisthe height of the corresponding symmetric barrier for which Q = 0, ie., w= 1), Usually y >>1, 6>>1, and 
yw =(E- Q)/RT >> 1, 


When y > & and(y — 5) wm > 2, we have P’/P” — (r exp (y — 8) o)/(y—5) & 37 1; when, on the other 
hand, > y and(6—y)@>>2, then P’/P” = will be considerably greater than unity if the 
difference 5 — y is not too large, Series decomposition in (3) will give P’ / P” = yw ~doS>1 wheny— 6. 
Equations (4) show the condition y © 6 to lead to the Gol'danskii criterion (b), and this criterion thus corresponds 
to a considerable preponderance of tunnel transmissions over transmissions above the barrier. Here the contribu- 
tion from the tunnel effect will make up 90-98% of the total reaction rate, and will correspond to an alteration of 
Sw over the interval from 10 to 50, 


It can be supposed that the tunnel effect will certainly begin to be a decisive factor in fixing the reaction 
rate when P*/P* *1[7].°* This condition corresponds to the relation y * 6/2 which, according to (3), will give 


P’'/P” =1—e-%»—1, since yw >>1, Equation (4) can be combined with the equality 6 = 2y to obtain an 
expression 


=hVE,/ Rd V 2m (5) 


distribution function is given by an expression of the form w(U,T) = g(T)exp(—U/RT), A maximum in the U < Ey 
region will arise from use of an exact expression for W(U) (one in which D > 0 when U > 0 [6,7,9]), or from ap- 
plication of the more general expression w(U,T) = ¢(T)U" exp(—U /RT) [11], and will somewhat diminish the 
proportion of tunnel transmissions (U < E9) in comparison with classical transmissions (U > Epo), but the presence 
of such maximum is not an essential condition for the existence of an appreciable contribution from the tunnel ef- 
fect. Only in the case of the Eckart barrier is there a sharply defined maximum [3,7,8] under all conditions, and 
the presence of this maximum is certainly closely related to the contribution of the tunnel effect to the rate of 
transmission of particles through the barrier, The position of this maximum Upp is determined very inaccurately 
by the Wentzel-Brillouin approximation [11], however, when Um — Ep (see following footnote), 

*For greater generality, we consider the case of an unsymmetrical barrier [13] resulting from the superposition of 
a linear potential on a parabolic barrier (the P*/P" ratio is independent of the direction of transmission), 

* * Distinction should be made between the contribution of the tunnel effect to the actual rate, and the tunnel cor- 
rection to the "classical" reaction rate, The fraction of tunnel transitions can be a quantity of considerable mag- 


nitude (about 30%) even in cases where there is no essential difference between the actual rate and the classical 
rate (8,9). 
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for T,, the temperature below which tunnel transitions will make up more than 50% of all particle transitions 
across the barrier, This temperature is twice as large as the temperature T¢é given by the Gol'danskii relation, 


When P*/ P® = 1 (i,e., T = Tg), the corrective multiplicative factor for the classical reaction rate will be x = 
= p/ pel = p/p® = (p* + P*)/P" = 2, 


Equation (5) remains valid even in a rigorous derivation based on a combination of approximations due to 
V. B. Wigner [9,13], in which 


When = 27, one obtains = 1 + 17/24 + e—v/10 — > 1.41 (if yw > 5), A good approximation 


for k is obtained from the relation which results from making use of a more exact expression for the barrier trans- 
parency W(U) in (1) [7,10,13], namely [13]: 


P/P*= (ny /8)/sin (xy /8)— / (6 — 1). (7) 


From this it follows that 6 = 2y when x = n/2—e— = 1.57 (if yw > 5), The value of P*/PC! in the expres- 
sion x = P*/pCl , p#/pcCl varies between 0.5 and 1 [5], so that P*/P°! must vary between 0,6 and 1, and P*/ P® 
between 0.6 and 2, It can be shown that P*/P® = 1 is exact when 6 = 2y, Actually, the exact expressions for P* 


wo 0 
and P® can be written as [13]: dy \ e’'dy where y = E- U)/E,. Setting 5 = 
n WwW e [ “pel Trew’ y ( / Ey 

= 2y gives: 

—0oo 


Values obtained from these two expressions are practically identical when yw > 5 (when arctge”” = 1/2), so 
that P*/P* = 1 for all chemical reactions, Thus, relation (5) is strictly valid for the parabolic barrier, 


It can be supposed that this same exprv:ssion would be ap- 
Lanlisienmehannues plicable in a first approximation to any barrier whose peak is 
am ft Fi approximately parabolic,d then representing the half-width of 
| Y By | the base of the parabola, It could be anticipated, however, 
‘“ that the error in the determination of T, from Eq. (5) would be 
17.3] 9.65 | 4.79 | 4.4 of 418 | 836 all the greater if the width of base 7 of the barrier in question 
52.6 |31.4 | 1.69 | 1.4 | 1.4373] 219] 440 was markedly different from d. An exact calculation of this 
71.5 [42.5 | 1.68 | 0.96 | 1.3\273 | 162 | 322 


error can be made in the case of the Eckart barrier, where 1 = 


= md [11]. Such a barrier can be considered as parabolic for 


all particles whose energy is greater than U = 0,9E [11], but a 
considerable proportion of the particles will traverse the barrier at a much lower level (down to U = 0,5E [7,8]) 


when T = Tg, i.e., when P*/P® = 1, so that the 6/y ratio for this barrier must be considerably different from 2, 


This fact is brought out by the table, which contains the results of calculations for three pairs of values of 
5 and y under which the condition P*/P* ~ 1 is satisfied, Values of P, P*, and P™ at Q = 0 were calculated from 
Eqs. (1) and (2) by graphic integration [3,7,8,12]. In these three cases, the maximum of the integrated function 
in (1), Um, falls at the peak of the barrier, so that Up, = Eg.* The quantity 6/y remains almost constant at 1,7 
to 1.8 for very pronounced variations in 6 (~20 to ~70) and y (~10 to ~40), From this it follows that a more 


exact expression for T, in the case of the Eckart barrier would be one corresponding to the condition 6 ~ 1,75y 
(5 = 2y for the parabolic barrier), so that 


= 2m. (9) 


* According to Gol'danskii [11], Up, ¥ E9 (5/7 ¥. The Um values which this expression gives for the cases covered 
by the table are 3-5 times greater than Ey. From this it follows that Tg is much lower than Tg. 
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* See [8b] with reference to the deviation of the Wigner correction factor from the values obtained from Eq. (1) by 


This result shows that the values of T, in the table are greater than the Tg values obtained from the Gol‘danskii 
relation (b) by a factor of approximately 1.75, and are less than the values obtained from Eq. (5) for the para- 
bolic barrier by a factor of 1.15. 


It is clear that Eq, (5) can be used in approximating T, for any barrier which has a parabolic peak, A com- 
parison of (5) and (9) with one another and with (a) for the rectangular barrier will show, however, that T, is 
strongly dependent not only on the dimensions, but also on the form of the barrier, These relations can be used 
for fixing the geometric properties of barriers in a study of the temperature dependence of reaction rates [7,8,11]. 


The above discussion of Eqs. (5) and (9) gives grounds for supposing that these relations would be approxi- 
mately valid for any smooth barrier, even if the barrier peak cannot be well represented by a parabola, The work 
with the parabolic barrier has shown that the relation k = P/ pel & 1,5 is valid when T = Tc, the difference k -1™ 
“0.5 being essentially fixed by the value assumed by the 1*y?/68? term in Eq. (6) when 5 = 26 (i.e., T = To), 
namely 0,41, This same term appears when the first member of (7) is decomposed in a series (10, 13], It is, how- 
ever, nothing other than the Wigner correction [2] qw to the reaction rate.* For the Eckart barrier at T = T, (see 
table), k — 1 ~ 0,4, so that qy = 0.53 (when 5 = 1.75y), From this it follows that a crude derivation of (5) and 
(9) can be obtained with the aid of a general expression for qy: dw = h?A/96n’m (RTF ~ 0.5 [A =- FV(xm)/ 
> 0], i.e., from the generalized expression 


T. =hV A/2nV Om. (10) 


This last shows T, to be determined essentially by the curvature of the potential barrier at the maximum, It can 


be assumed that this relation would be applicable to any barrier of finite curvature, which is to say, to practically 
all real barriers, 


It follows from what has been said that the quantum correction to the classical reaction rate at the tempera- 
ture fixed by Eqs. (5), (9), and (10) is already in excess of the first approximation ch?, The Wigner correction 
vanishes at temperatures (see second footnote on page 102) which are approximately 100° above T,. (Higher 
powers of the Planck constant become significant in the series decomposition of the quantum correction when T < 
< Tc, [10,13 ].) Tunnel effects can be detected experimentally in this region of moderate temperatures by study- 
ing the influence of isotopic effects on the observed activation energy and frequency factor in the commonly em- 
ployed expression for the reaction rate [8-10], The temperature Tg ~ T, /2, obtained from the Gol‘danskii rela- 
tion (b), can serve to mark out the low-temperature region where an abnormal tunnel effect must give rise to ex- 


tremely low values of the effective activation energy and the frequency factor [4,8,11], This is an interesting re- 
gion for study, 
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The study of the kinetics and mechanisms of reactions involving hydride ion (H™) transfer has been under- 
taken only recently [1-4], although the existence of such reactions was postulated long ago, Meerwein-Pandorf 
reactions of reduction of aryl carbinols by aliphatic alcohols in acid media are special instances of such processes, 


The present work has involved a detailed study of the kinetics of reduction of triphenylcarbinol (TPhC) to 
triphenylmethane by isopropyl alcohol in aqueous sulfuric acid solution, working over a wide range of concentra- 
tions (H,SO,4, from 45 to 75%; TPhC, from 4 - 10°? to 4 - 107° mole/ liter; and iso-C,;H7OH, from 0.2 to 1.5 mole 
per liter) and temperatures (from 35 to 60°). 


A preliminary study of this reaction has been made by Bartlett and Collum [2], who have concluded that it 
involves a transfer of the H™ ion of the isopropyl alcohol molecule to the triphenylmethylcarbinol ion according to 


CH CH, 

+ —— > Ph,CH + (1) 

CH, CH, 


The TPhC arylmethyl cation is formed through protonization of TPhC, as shown by the equation 


Karco 


H 
PhsCOH -}- H+ — PhgC* -}- H,0, (2) 


and it therefore follows that the total TPhC concentration [PhsCOH], of the reacting mixture is the sum of the con- 
centration of the ion [PhsC*t] and the concentration of the un-ionizedcarbinol [Ph,COH]: 


[PhyCOH], [PhsC*] ++ [PhsCOH]. (3) 


Scheme (1) can be combined with Eqs, (2) and (3), and the reaction for the protonization of iso-C,H;OH 


KROH 
iso- CgH;OH + Ht iso- (4) 


to prove that the rate of decrease of [PhsC*] in the presence of an excess of alcohol will be expressed by 
— d[PhgCt] / dt = kef{PhsC' |, (5) 


the experimentally observed effective rate constant being given by 
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(6) 
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Fig. 1. Dependence of effecuve 
rate constant on sulfuric acid 
concentration at Cg; = 0.5 mole 
per liter: 1) 35°; 2) 40°; 3) 50°; 
4) 54°; 5) 60°, 


(keg/b) 10° 
of 


Fig. 2. Graphical determina- 
tion of the true rate constant 
and pKg for isopropyl alcohol 

at 40° and Ca) = 0.1 mole/ liter, 


In Eq. (6), kp is the true rate constant for the limiting step (1); Ka con 
is the equilibrium constant for reaction (2); Kpoy is the equilibrium 
constant for reaction (4); C4) is the total concentration of iso-C,H7OH in 
solution; and ho and Cp are the negative antilogarithms of the acidity 
functions of Hammett and Deno, respectively [5,6]. Values of the ef- 
fective rate constants are found from the slopes of semilogarithmic plots 
of kinetic data on the diminution of the optical density of the solution 
at 432 mp. Equation (5) shows the diminution of the optical density to 
follow a first-order reaction law, since it parallels the decrease in the 
concentration of the triphenylmethylcarbinol ion ,which has an absorp- 
tion band with a maximum at 432 mp. 


Reaction was followed on an SF-2M double-ray spectrophotometer 
which was equipped with a device for registering kinetics, Reaction was 
carried out in sealed bulbs which were set into a thermostatted bulb holder, 
The temperature of each bulb was held constant to within +0.5°, 


For illustration, experimentally determined values of ke¢ obtained 
at 40° with various values of Cg) and sulfuric acid concentration are 
given in Table 1, Figure 1 shows the dependence of kef on the initial 
H2SO, concentration at Cy; =0.5 mole/Jiter, It is clear that reaction is 
limited to the narrow concentration region which is bounded by the bell- 
shaped curves, The maximum on these curves is independent of the 
temperature, and lies near 50,5% H,SO,4, This curve form results from 
the fact that the limiting step (1) involves the ion,whose concentration 
increases with the concentration of the acid,andthe un-ionized iso-C,H;OH, 
whose concentration diminishes with rising acid concentration, 


The temperature dependence of kef was determined from the data 


“hy contained in Fig. 1, The effective energy of activation Ee¢ at Cay = 


= 0.5 diminishes from 28 to 16 kcal/ mole when the H,SO, concentration 
rises from 45 to 60%, Equation (6) shows the variation of Ey¢ with the 
acid concentration to be due to the fact that keg is a complex quantity 
which contains not only the rate constant for the limiting step but also 
the ionization constants for iso-C,H7OH and TPhC, and the quantities Co 
and hp [5,7]. Values of the true rate constant ky and the constant for 
protonization of iso-C3;H;OH, Kpop, can be obtained from Eq, (6). It 
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TABLE 2 is advantageous to use a graphical method for this 
purpose, The multiplying factor can be written as 
KarCOHeo/ (1 + KarcoH©o) = b, and Eq. (6) then is 


Temperature Dependence of ky and Kpoy 


35°C | 40°C | 50°C | 54°C | 60°C expressed in the form 
k k, 
per mole «sec | 4,02 | 6,25 | 18,20 | 29,40] 53.90 
Kron * 10°, 
liter/mole 0,574] 0.65 1,008} 1.41] 1.78 
13.04 +3.19 | -3.00 |-2.85| -2,75 (ke¢/ bC a1) ho is a straight line whose intercept on 
PNB 9 . the axis of ordinates is equal to ky. The value of 
KROH is found from the slope of this line. Figure 2 

*Kp = 1/ Kpop is the basicity constant of the alcohol, gives an example of such relationship for the case in 
pKg = —lg Kg. which C4) = 0.1 mole/ liter at 40°, This relation 


was developed on the basis of kef values obtained by 
interpolation of the kinetic curves for an alcohol concentration C,; of 0.10 mole/ liter, considering this concentra- 
tion to be so low as to produce no diminution in the acidity functions Hy and Cy (7). The resulting values of ko 
and Kpoy are presented in Table 2, 


These data were used in calculating the true activation energy and the frequency factor for the reaction, 
Figure 3 presents the graph which was employed in the determination of the activation energy. The activation 
energy Etre was found to have a value of 21,000 + 500 cal/ mole, and to differ from Ep¢ in being independent of 
the acid concentration, The frequency factor A in the expression ky = Ae7Etrue/RT 4, equal to 2.81 + 10” liter 
per mole «sec, This value is almost identical with the number of two-body collisions Z») = 1,59 ° 10”, determined 
from the gas-phase equation: 


Mg 


in which ry; .0.¢.1-0H = 3el2 A» and the radius of the arylmethy! cation r, is set equal to rppyc = 4.43 A, these 
radii being esledaled from mean molar volumes, 


The existence of such a quantitative relation between the quantities A and 
16 Zo for reaction of two monatomic molecules would seem to contradict the theory 
of absolute reaction rates [8], Paradoxical as it may seem, the formation of a 
linear activated complex in hydride transfer reactions (and in a number of other 
reactions in solution [9]) can be treated in terms of the arylmethyl cation and 
alcohol active centers alone 


~ 
T 


\8+ _ 
029 030° Qs 
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without considering the internal degrees of freedom of the polyatomic molecules, 
or their interaction with the solvent, 


Fig. 3. The temperature 
dependence of the true 
constant for hydride trans- The data of Table 2 were used to evaluate the heat and entropy of protoni- 
fer. zation of isopropyl alcohol, the results being AH = 9800 + 700 cal/ mole, and 
AS = +16.8 + 0,15 cal/ mole «deg ; from this it follows that the free-energy 
change in the reaction, AF, is 4800 cal/ mole at 298°K. 


It is interesting that corresponding values for methyl alcohol evaluated from the data of [10] prove to be 
AH = 4600 cal /mole, AS = 12,5, and AF = 880 cal /mole at 298°K, The entropy change (positive) of these two 
reactions is approximately the same, although the AF values would indicate that methyl alcohol is the more basic 
compound, It is clear that the entropy increase is to be explained by the fact that protonization converts the 
small H,O* ion into the larger iso-C,H7OH ion, and at the same time decreases the regularity of packing of the 
solvent molecules in the solvation cloud of the ion, 


The negative entropy of ionization of the arylcarbinols can result from the fact that the product arylmethyl 
cation has a single empty orbit, Thus, this ion can undergo not only an electrostatic solvation, but also a solvation 


| 


from coordination bonding of the solvent molecules, or the anions, which are present in solution [11]. The appear- 
ance of the arylmethyl cation results in a still higher degree of ordering of the particles in solution and thus leads 
to a diminution of the entropy of the system, 


Calculations lead to: 


ko = 2.81 Kron = 4.68- 
Karcon = 1.05- 1074e—3280/RT 


These results can be used in developing the following expressions for the effective rate constant: 


1.05-10-4¢~ : 
—-98 12 9-21000/RT 
keg: -2.81-10 4 1 4-1.05-10 -| | 4.68 ( ) 


A quantitative explanation of the alteration of Egg with the sulfuric acid concentration can be set up on the 
basis of Eq. (9), In the limiting case, in which the acid concentration is low and KarCOHo << 1 and Kron hy << 1, 
the expression for keg takes the form 


Rap = 2.81 1.05. cy, 
and Eg = 21,000 + 3280 = 24,280 cal/mole, If, on the other hand, the acid concentration is sufficiently high 
and KarcOH Co >> 1 and Kpop he >> 1, the expression for kef takes the form 

ie., Eeg = 21,000 — 9800 = 11,200 cal/ mole, 
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In [1-5] we showed that by combining the geometrical modification of silica by hydrothermal treatment 
with the chemical modification of its surface by reaction with trimethylchlorosilane it is possible greatly to re- 
duce adsorption energy and takeup for the vapors of various substances, particularly hydrocarbons, and to make 
the surface considerably more uniform, We also observed that such modification may be of value both for im- 
proved coverage of packings with media [1,2], and to extend the advantages of gas-liquid chromatography (gas- 
liquid) to gas adsorption chromatography (gas-solid) [2,6], The shortcomings of the gas-adsorption method are 
due to excessively large and variable energies of adsorption on nonuniform solid surfaces, which generally causes 
long retention times and marked peak asymmetry, Liquid films applied to a solid which merely acts as packing 
for the column possess a uniform surface, However, they decompose at high temperatures, and over an operating 
period of long duration they are entrained by the stream of carrier gas, Thus, the gas-liquid type of chromato- 
graphic separation cannot provide a high degree of stability at high temperatures (i.e., when dealing with fairly 
large molecules), In addition, diffusion into the liquid film retards mass transfer, The liquid film also does not 
prevent possible reactions with the carrier. In the present study, therefore, an attempt was made at the geometri- 
cal and chemical modification of an adsorbent suitable for gas chromatography — wide-pore silica gel — with the 
aim of forming on its surface a sufficiently stable and uniform film chemically linked with it, specifically, a 
film of a heteroorganic silicon compound, 


Silica gel, type ShSK, was chosen as the starting material, Industrial grade silica gel was washed free of 
impurities consisting of ions of iron and other metals with dilute hydrochloric acid (1:1) (until no reaction was ob- 
tained with ammonium thiocyanate), and then with distilled water to remove chlorine ions (until no reaction was 
obtained with silver nitrate), Sample SI (initial silica gel), with an extremely nonuniform surface, was obtained 
in this manner, A portion of this silica gel was subjected to further treatment with the purpose of obtaining geo- 
metrical and chemical modification, 


Geometrical modification of the silica gel was carried out by treatment with water in an autoclave at 275° 
for 19.5 hours, Sample SG was obtained in this manner, The third sample was prepared by chemical modifica- 
tion of the surface of sample SG by treating it with liquid trimethylchlorosilane (sample SGM), The sample was 
analyzed for carbon content, At 1.22% carbon content, when related to the surface of the hydrated silica gel, on 
the average about 2.7 trimethylsilyl groups occur on every 100 A’ of the surface of the sample, which corresponds 
to a heteroorganic silicon film of nearly maximum density, The geometrical and chemical properties of the 
samples are presented in the table, 


Prior to the adsorption experiments, the samples were heated for a long period in an adsorption vacuum ap- 
paratus on the pans of a quartz balance at 150° down to a pressure of 1 * 10°” mm mercury [7]. 


= 


Properties of Silica Gel Samples Used 


Mean diameter 
Method Pore volume] Specific silica pore Carbon 
Semple of modification Vos cem’/ g | surface S, globules D, | orifices d, content, % 
A A 
SI Untreated 0.89 100 90 - 
SG Treated in autoclave with 
water vapor at 275° for 
19.5 hours 0.78 400 340 - 
SGM SG treated with liquid tri- 
methylchlorosilane at 
20-57°, then subjected 1,21 
to vacuum 0.60 (80) (400) (380) 1,23 
| Mean | 1.22 
millimoles/ g 


micromoles/ m?* 


or 
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Fig. 1. Adsorption isotherms for benzene vapor on silica 
gel samples: 1) original silica gel SI; 2) SG hydrated in 


autoclave; 3) SGM modified after hydration, Black 
points: desorption, 


Isotherms were obtained for the adsorption 
and desorption of benzene vapor in a range of rela- 
tive pressures p/p, from 0 to 1, From Fig, 1 it can 
be seen that, in consequence of the hydrothermal 
treatment of the original silica gel, the isotherm 
has been markedly displaced downward and to the 
right, The point at which hysteresis due to capil- 
lary condensation begins has shifted from p/?, = 
= 0,2 for sample SI, and to p/ P, = 0.75 for sample 
SG. This all points to a marked change in geo- 
metrical structure, 


The marked reduction in surface area re- 
sulted from a considerable increase in the size of 
the globules forming the silica gel skeleton [8]. 
The mean diameter of the silica gel globules after 
hydrothermal treatment increased by almost 4 times 
(see table), The number of small pores decreased, 


Thus, as a result of hydrothermal treatment 
of the silica gel, the particles forming its skeleton 
were enlarged and made smoother, while the sur- 
face was completely hydrated, This made it pos- 
sible to obtain a silica gel having its surface fairly 
densely covered with a layer of trimethylsilyl groups 
(by further treatment of sample SG with trimethyl- 


chlorosilane). This chemical modification of the silica gel surface, as in the case of aerosil [2,5], led to a marked 
drop in the benzene takeup up to the onset of capillary condensation, In the upper left part of Fig, 1 the initial 
portions of the benzene adsorption isotherms related to unit surface area are given for all three silica gel samples, 
The adsorption of benzene per unit surface area for sample SGM was considerably reduced in comparison with the 
two samples with a hydrated surface, Thus, at p/ p, = 0,1, the absolute adsorption & of benzene on samples SI and 
SG was approximately equal to 2 micromoles/ m*, while on sample SGM & was approximately equal to 0.1 micro- 
mole/m’, i.e., chemical modification caused a reduction in benzene adsorption by 20 times, Benzene adsorption 
on the chemically modified sample remained extremely insignificant right up to p/p; * 0.8. Capillary condensa- 
tion, however, which begins in the neighborhood of the points of contact of the globules in the silica gel skeleton 
at high p/p, plays the main part at high values of p/ p,. similar to the weak adsorption and appreciable capillary 


condensation of water in the pores of active carbon containing no surface oxides [9]. 
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Fig. 2. Chromatograms of a mixture of benzene and 
n-hexane vapors: A) at 82° on silica gels: 1) SG; 
2) SGM; B) at 35° on SGM; C) at 74° on Celite im- 
pregnated with E-301 silicone. 


From these data, it was permissible to suppose 
that silica gel modified in this or a similar manner 
might be used for the chromatographic separation of, 
for example, hydrocarbon mixtures by the gas-adsorp- 
tion method, even if the composition of the mixture 
included components which are strongly adsorbed on 
the original silica gel, Measurements of the heats of 
adsorption of n-hexane and benzene [5] on the surface 
of aerosil which had been drastically modified by tri- 
methylchlorosilane showed that these substances are 
adsorbed extremely weakly,and at the same time 

the shapes of the adsorption isotherms at small values 
of p/p, approximate to the linear, 


Some exploratory experiments were carried out 
to assess the possibility of using silica gel sample SGM* 
in gas chromatography, The experiments were carried 
out on a Griffin and George chromatograph with a 4- 
mm diameter column 1 m long. Two silica gel samples, 
processed by the same method as samples SG and SGM 
(0,25-0.5 mm fraction) were used as packing for the 
column, 


In the case of the hydrated silica gel of type SG, 
benzene did not come out of the column within even 
half an hour at a normal temperature, Benzene and 
hexane peaks were obtained at 82°, but the benzene 
retention time was still long: 12 min 40 sec (it totalled 


1 min 50 sec for hexane), At the same time, the benzene peak was appreciably spread out (Fig. 2, Al), The modi- 
fied type SGM silica gel was tried out in the same conditions, The retention times of both hexane and benzene 
were considerably shortened, In addition, the benzene peak was unlike the peak for sample SG: The"tail" of the 


peak almost disappeared (Fig. 2, A2). 


The same experiment was carried out at lower temperatures, At 35°, benzene did not give a definite peak 
at all on hydrated type SG silica gel, while the retention time for benzene with the modified silica gel was equal 
to only 2 min 20 sec, In accordance with this, a mixture of hexane and benzene was separated satisfactorily at 
35° with the modified silica gel, The chromatogram obtained is presented in Fig. 2B, 


The gas-adsorption chromatograms obtained were compared with the chromatogram of a benzene hexane 
mixture produced by the gas-liquid method, where Celite impregnated with silicone E-301 was used as column 
packing. Thus, the nature of the liquid layer in the latter case was somewhat similar to that of the chemically 
modified film on the silica gel surface, The chromatogram of a benzene-hexane mixture obtained in this case at 
74° (the other conditions being the same as in the case of silica gel), is presented in Fig, 2C. No separation oc- 


curred at 35°, 


As may be seen from a comparison of Figs, 2B and 2C, a benzene—hexane mixture can be separated by 
means of the gas-adsorption method more quickly in the case of the modified silica gel than by means of the 


more usually employed gas-liquid method and, at the same time, at a lower temperature: The retention times 

of benzene and hexane at 35° on the modified silica gel are almost half as long as their retention times at 74° on 
Celite impregnated with silicone. The shape of the benzene peak in the case of gas-adsorption separation with 
type SGM silica gel is still less symmetrical than with the use of the gas-liquid method, This may clearly be ex- 
plained by insufficient uniformity of the pores and surface of the modified layer, An even more radical geometri- 
cal and chemical modification of the silica gel skeleton and surface* * should therefore be aimed at, Although 


*Jointly with R. S, Petrova, with the collaboration of N.Ya, Smirnov, V. 1. Kalmanovskii, N. Balakhnina, and Ya, 


I, Yashin, The authors express their indebtedness to them, 


**At p/ p,= 0.1, as a result of the modification of aerosil [5], benzene-vapor adsorption was reduced by 35 times, 


while, in going from SG to SGM, it was reduced by only 20 times, 


wi 
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this alm was not accomplished in the present work, the experiments which have been carried out on the separation 

of benzene and hexane with a modified silica gel give good reason to suppose that chemical modification of silica 
gel, and also other adsorbents, or the walls of capillary columns, accompanied by the formation of thermally stable 
films of compounds which remain attached to the surface, may replace impregnation with liquids in chromatography, 
thus eliminating difficulties associated with the liquids and the shortcomings of the gas-liquid type of chroma- 
tography, while retaining its advantages, 


Thus, combining geometrical modification of the adsorbent skeleton with chemical modification of its sur- 
face, particularly by reaction with trimethylchlorosilane, leads to the production of a silica gel with very large 
pores, the surface of which is fairly uniform, Modified adsorbents, particularly those which have chemically at- 
tached functional groups on top of the heteroorganic silicon layer, may probably be of value for the purposes of 


gas chromatography, enabling the advantages of the gas-adsorption and gas-liquid types of chromatography to be 
combined, 
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Until recent years the statistical theory, in which it is postulated that dissociation of a molecular ion occurs 
in the majority of cases after a long period (up to about 107° sec) following ionization and excitation, has re- 
mained the sole attempt at a quantitative explanation of the mass spectra of complex molecules, According to 
this theory, complete redistribution and further migration of excitation energy over the whole molecule occurs 


during the interval of time stated, and dissociation is caused by a chance concentration of energy at one of the 
bonds [1,2]. 


It has been shown previously that any theory (including the one mentioned) which postulates that the excita- 
tion energy transmitted by an electron is distributed over the whole molecule cannot be applied, at least to large 
molecules, and another hypothesis for the dissociation of large molecules on collision with an electron was ad- 
vanced, which made it possible to explain qualitatively many of the laws to which mass spectra conform [3,4], In 
the present study, we will show that, by making the most elementary assumptions, the proposed theory makes it 
possible to calculate quantitatively the mass spectra of practically all the n-paraffins, without having to use any 
arbitrary quantities, It will be noted.that an arbitrary excitation energy distribution function, which is adjusted 
for each substance until the calculated mass spectrum matches the experimental one, is introduced into the calcu- 


lation of mass spectra by the statistical theory, Quite apart from the initial premises and the many simplifying 
assumptions, this fact deprives the theory of any practical value, 


The basic postulate of the “local” theory of mass spectra is that dissociation occurs on electron impact in 
the collision zone without any significant redistribution of energy over the whole molecule, i.e., ion fragments 
are formed due to the breaking away from the molecule of the collision region together with the electron, 


Depending on the nature of the collision, both the size of the region and the probability of its breaking away 
(for the same electron energy) will vary, In this way, the fact of the existence of mass spectra, i.e., differences 
in the probability of formation of different fragments, is itself interpreted, From this point of view, the mass spec- 
trum of an infinitely large n-paraffin molecule, which is in fact taken as a basis of calculation, is the most 
simple, Group mass spectra only are considered, i.e., the total probability of the formation of ions with a given 
number of carbon atoms, irrespective of the number of hydrogen atoms, The mass spectrum of an infinitely large 
molecule may be considered known by experiment, as it is sufficient in practice to take the mass spectrum of an 
n-paraffin 2-3 times heavier than the one whose mass spectrum it is required to calculate, 


In the calculation, the following assumptions are employed: 


1, The formation of an ion fragment results from the breaking away of the charged portion of the molecule 
in the region of the electron impact, 


2. Ruptures of C—C bonds occur at equal distances from the "point" of impact, 
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3. The probability of formation of a fragment is deter- 


No. of C 
atoms inion 
Calculated 
bability, 
“|No. of C 


mined by its size (number of carbon atoms),but at every point 
of impact the full range of probabilities available in the mass 
spectrum of an infinitely large molecule is open, irrespective 

of whether for the given size of the finite molecule and point 
of impact the corresponding fragment can actually be formed 
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or not, This means that, if the rupture of one of the bonds 

would have to occur outside the limits of the molecule, only 

one bond ruptures, and a fragment smaller than the one which 

should have been formed is, generally speaking, formed. If 

the rupture of both bonds should have occurred outside the limits 

of the molecule, then a molecular ion, as a special case of ion 
0.9 fragment, is formed. 


17 
~ 4, The number of carbon atomsnin the molecule is suf- 
S ficiently large for the molecule to be considered continuous, 
a. The dependence of the probability of formation of a fragment 
6.8 for a finite molecule ¢ p(x), and also for an infinitely large 
at molecule f(x), we consider to be a continuous function of the 
a fragment length x. 
= 5. We assume that molecules of different sizes differ 
we only in total length and that their ends do not differ from the 
middle portions, 


All these assumptions, of course, very much simplify the 
real picture, Assumption 1, which we have previously sub- 
stantiated [3,4], is the basic postulate of the “local® theory of 

mass spectra and is the most important of all, Assumptions 2 and 3 are 


only substantiated by the agreement of the results of calculation with ex- 
perimental data, 


Other assumptions were also considered, particularly concerning 
asymmetrical (with respect to the point of impact) formation of fragments, 
but they all showed a quantitative divergence from experiment, The as- 
sumptions of continuity and the absence of dissimilarities at the ends of 
the molecule are simplifications and are not essential, 


To carry out the calculation electron impacts having an equal proba- 
bility at any point in the molecule are considered, and the probabilities 
of the formation of each fragment are averaged over the whole molecule, 
The probability ¢(x,1) of formation at one impact of a fragment of a given 
length is a function of the fragment length x and the distance of the point 


of impact from the end of the molecule 1 , It is sufficient to consider one half of the molecule (when 0 <1 = n/2). 


It follows from the assumptions that g(x,l) = f(x) when x < 22 orl > x/2, i.e., when both bonds can actual- 
ly rupture, If, however, 2 < x /2, an ion is formed from the end of the molecule, only one bond ruptures, and a 
fragment x = 1 + y/ 2 is formed with a probability f(y), whence y = 2x— 22, Hence, 


0 =F (a), i>4; 


(1) 
=f@x—2), 


The mass spectrum is the mean probability taken over the whole molecule 
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Substituting the values of ¢(x,/) from (1), we have, on rearrange- 
ment, 


2x 
For molecular ions by a similar procedure, we obtain 


Qn 


Qn (n) = \ 


a 


(2 de dt. (3) 
t 


The results of calculations by Eqs, (2) and (3) and experimental data 
are presented in Table 1; part of the mass spectrum of n-Cg9Hg (5]{ with 
slight corrections for the ends of the molecule in accordance with Eq. (2)], 
which was employed as the mass spectrum of an infinitely large molecule, 
is also given, The maximum probability is taken, as usual, as 100%, For 
lightfragments (x < n/ 2), the divergence is within the limits of experi- 
mental error, The systematic divergence in the case of ions approaching 
the molecular ion is greater, although the form of the mass spectrum in this region was indicated correctly, par- 
ticularly in the case of the heavier molecules,* 


For heavy molecules (x > 13), the mass spectrum is calculated on the basis of Eq. (3) and the experimental- 
ly observed exponential relationship between the probability of the formation of molecular ions and the number 
of carbon atoms in n-paraffins [6], The solution of the simple function obtained is substituted in Eq. (2), The re- 
sult for the calculation for n-CgpHg, is given in the form of a curve in Fig. 1, Experimental data aze indicated by 
points, It can be seen from Fig, 1 that the main relationships of the mass spectrum are fairly well explained by 


the theory. Divergences in the region of the molecular ion are evidently due to the special nature of the process 
occurring at the ends of the molecule, 


TABLE 2 This method was also applied to the calculation of the yield of 
neutral fragments on electron impact, In this case, it is assumed that the 
No, of portions of the molecule remaining after separation of the ion fragment 
C atoms Calc.,% are uncharged, An identical treatment to that given above leads to the 
in product expression for the distribution of neutral fragments r(x): 


2n—2x 


r(x) = + \ f(t) de. (4) 


0 


The distribution of the primary dissociation products from gas-phase 
radiolysis may be calculated from Eqs, (1) and (2), Of course, in the actual 
conditions of radiolysis, this distribution may be altered out of all recogni- 
tion due to secondary processes and a different molecular state in the condensed phase, However, the yields of 
products resulting from the rupture of C —C bonds in the radiolysis of n-hexane are extremely similar, both in the 
liquid and gas phases [7], This may mean that in the very simple case of paraffins the role of distorting factors 
is not very important,and therefore a direct comparison of the calculated distributions of primary products with 
the final products is not devoid of meaning. The results of calculation and the experimental data for n-hexane 
are given in Table 2 (the total yield is taken as 100%), 


For the yield of methane from the radiolysis of various fairly heavy n-paraffins (x = 1, n > 5) from Eqs, (2) 
and (4), is obtained G = a/n + b, where G is the yield (molecules/ 100 ev); a and b are constants (b <<a), It 
can be seen from Fig, 2 that the experimental data [8] are, in fact, well fitted by a hyperbola, 


*The mass spectra of labelled heavy n-paraffins, kindly communicated to us by J, H. Beynon (through J. Phys. 
Chem,), can be calculated more accurately by the method under discussion than by that used previously [3,4]. 
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It is possible to estimate the relative yield of olefins from radiolysis by the theory, For hexane this works 
out to be about 1.5 times less than the yield of paraffins having the same number of carbon atoms, which agrees 
with experiment [8,9]. 


It should be noted that the rupture of C-C bonds in the radiolysis of paraffins is, practically speaking, not 
liable to “shielding” [7,9], This is in good agreement with the fact that, according to the “local® theory, dissocia- 
tion takes place within a period of the order of 107 sec [3], The effect of benzene on the yields of heavy pro- 
ducts and hydrogen may indicate a different mechanism for the corresponding primary processes, differing from 
the mechanism of mass spectra, It should be emphasized) that the fact that a correlation exists between mass spectra 
and radiolysis products (see, for example, [7,9]) can in the general case only be explained by the “local theory." 


The author expresses his gratitude to Professor N, N. Tunitskii for his help in this work and in assessing the 
results, 
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Compounds with a spinel structure are fairly widely used in industria: catalytic operations as catalysts for 
oxidation, hydrogenation, and the conversion of carbon monoxide [1]. The structure and the electrical and mag- 
netic properties of the complex spinels employed under the name "ferrites" in technology have been thoroughly in- 
vestigated, At the same time, a limited number of studies devoted to the elucidation of the specificity of the 
catalytic action of spinels and the establishment of a connection between the catalytic activity of these compounds 
and the physical characteristics of the solid has been published in the literature [2-5]. 


In the present work, the effect of structure on the catalytic properties of the normal (CoMn,0,) and the 


reversed (MnCo,0,) cobalt— manganese spinels has been studied, Catalytic activity was assessed with respect to 
the complete oxidation of propylene, 


The preparation of the normal and reversed spinels has been described previously [6]. Catalytic activity 
was determined by the rate of oxidation of propylene with oxygen present in the stoichiometric ratio C,;H,:O, = 
= 2:9, The reaction products were carbon dioxide and water, The values for the specific surface of the catalysts, 
determined by the Brunauer— Emmett— Teller method from the equilibrium isotherms for low-temperature sorption 
of krypton, were equal to 0.70 m?/ g (CoMn,0,) and 0.25 m*/g (MnCo,0,). The reaction was carried out in 
static conditions with a constant initial pressure of the mixture (0.450 mm mercury) in the temperature range 200 
to 350°C, The catalyst samples were pretreated in a vacuum of 10~° mm mercury at 550° for 4 hours, Water 


formed was continuously frozen out in the course of the reaction, Repetition of the experiments for one weight of 
catalyst indicated good reproducibility of the results, 


If the oxidation of propylene is carried out with continuous absorption of the CO, formed during the reaction 
and freezing out of the water, the kinetics of the reaction conform to a monomolecular law: Using the coordinates 
igP—T strict linearity is observed, whereas a square law does not fit (Fig. 1), The specific velocity constant i. 
calculated from the equation for a first-order reaction, remains constant (Fig. 2). 

In Figs, 3 and 4 kinetic curves are presented for the oxidation of a mixture (2C,H, + 90,) at various temp- 
eratures, where the reaction is carried out without the removal of carbon dioxide from the reaction space, The 
over-all velocity constant for the oxidation process in these conditions was described approximately by the equa- 
tion for a second-order reaction from which were calculated values of the velocity constant referred to unit area 
(1m?) of catalyst (ki). Experiments on the oxidation of the mixture at various initial pressures indicated that 
KN. calculated from the equation for a second-order reaction, is dependent on the initial pressure (Fig. 2), One 
of the writers showed previously [7] that an increase in observed reaction order in comparison with the true one 
may be caused by self-retardation of the process by the blocking of active sites on the catalyst by reaction products, 


In the present case, molecules of CO,, which probably form complexes of the CO; type [14] on the catalyst sur- 
face, may exhibit an effect of this kind, 


The specific nature of the reaction conditions (possibility of reduction of the catalyst surface by propylene 
at high concentrations of the latter in the mixture, reduced accuracy of measurement at high oxygen concentration), 


— | 


TABLE 1 


PO, = const = 0,220 PL = const = 0,048 


0 
Po, 1 
Pe x! K 

CH, sp sp 


0 .036 0.105 
0.072 0.105 
0,160 0.105 


Note: Pressures are given in mm Hg. 


TABLE 2 


CoMn,O, | Mno.0, 


Activation energy 
of reaction, 
-| nor.| kcal /mole 


hemi-, 


on, °C 


gen c 


mp. of 
Hon or 
\sorptio 


reac 
oxy 


Vv. | 
| CoMn,O, MnCo,0, 


|Te 


! 


00 0.019! 0.9296 \v.0124) | 1.52 

250 |0.150! 0.052 0.075 | 0.096 | 2.00 2. 19.4 17.0 
300 | 0.690} 0.083 0.300) 9.039 | 2.30 

350 |2.74 | 0.138 0.975! 0.054 | 2.70 


* Extrapolated value, 


did not permit wide variation of the composition of the initial mixture. In Table 1, results are given for experi- 
ments on the oxidation of propylene on MnCo,O, at 250°, 


It may be seen from Table 1 that changing the concentration of propylene by 4,5 times does not affect the 
velocity constant, while increasing the oxygen content from 0,096 to 0,433 mm Hg leads to an increase in the 
velocity constant, i.e., the reaction rate is independent of propylene concentration and is determined by oxygen 
concentration according to the equation 


V= Ke Pou)". 


It has been shown earlier [6] that oxygen is irreversibly chemisorbed on both spinels, and that the kinetics 
of this chemisorption conform to the laws: 


0= for MnCo,0,; 0=a-4-blgr for CoMn,O,, 


where 0 is surface coverage and T is time, From additional measurements of the chemisorption of oxygen on both 
spinels in the temperature range 200-350°, the activation energies for chemisorption were found to be 18 kcal 
per mole for CoMn,0, and 14 kcal/mole for MnCo,0, (at a surface coverage @ = 0,03 cm*/ m’), 


Propylene is sorbed on these catalysts, as on a large number of other oxides, reversibly, in quasi-equilib- 
rium," with small values of surface coverage and activation energy, Previous sorption of oxygen on the spinels 
(at temperatures below 200°) does not affect the rate of propylene sorption and the final surface coverage. Sepa- 
rate experiments indicated the absence of CO, chemisorption by either the normal or the reversed spinel in the 
temperature range 100-350°, It has been shown by the work of other authors [2,8] that the oxidation of hydrocar- 
bons over spinel catalysts may continue in the bulk of the gas phase, In order to elucidate the question of the 
possibility of a heterogeneous-homogeneous mechanism for the oxidation of propylene over CoMn,O, and 
MnCo,0,, we used the Koval 'skii- Bogoyavlenskaya method of separate calorimetry [9]. The diameter of the 
reaction vessel was 50 mm; a nichrome-constantan differential thermocouple made from 0,05-mm diameter wires 


was employed to measure the temperature difference, The sensitivity of measurement of the temperature differ- 
ence At was 0,05°, 
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Fig. 1. Kinetic isotherm for the oxidation of a mix- 


ture 2C3H, + 90, on MnCo,0, at t = 250°, with con- _ stants Ki, and KE for the oxidation of the 


tinuous absorption of CO, during the course of the mixture 2C3H,g + 90, and initial mixture pres- 
reaction, = 0,522 mm. sure. 


Fig. 2. Relationship between the velocity con- 


The following reactions were employed for the calibration of the apparatus: purely heterogeneous oxida- 
tion with oxygen of a fine copper powder treated with propylene at 450° for 4 hours; oxidation of propylene over 
platinized asbestos, being a reaction with a homogeneous component [10]; and the homogeneous oxidation of 
acetaldehyde at 200° [11]. It was established that the oxidation of a stoichiometric mixture of propylene and oxy- 
gen at 300° and initial pressures of 0,5 and 40,0 mm Hg takes place over both spinels by a purely heterogeneous 
mechanism, Oxidation of propylene takes place only on the catalyst surface, and the absence of a detectable 


amount of products of incomplete oxidation is evidently due to the presence of fixed chains on the surface of the 
catalyst [12], 


In Table 2 are given values of the specific velocity constants (Ki) for the oxidation of a mixture of 
2C3H, + 902, and the specific surface coverage with respect to oxygen taken from the oxygen chemisorption iso- 
therms for a single time (30 min) at temperatures corresponding to the reaction temperatures, 


It may be seen from the data of Table 2 that there exists a linear relationship between the velocity constant 
for the oxidation of propylene over the spinels and the rate of oxygen chemisorption, 


It was pointed out above that the chemisorption of oxygen on the normal and reversed spinels was described 
by different kinetic laws which are characteristic of a nonuniform surface having a different type of distribution 
of active sites with respect to the activation energies (exponential for MnCo,O, and linear for CadMn,O,), At the 
same time, the different nonuniformity statistics for the surfaces of the normal and reversed spinels do not make 
themselves evident in the kinetics of propylene oxidation over these catalysts, 


The oxidation reaction probably occurs, in both cases, at a limited number of active sites which may be re- 
garded as uniform, The existence of an identical kinetic law, the similarity of the activation energies for the 


oxidation reaction, and the proportionality between the reaction velocity constants and oxygen chemisorption rate 
may be cited as confirmation of this, 


The kinetic law is the same for both the normal and the reversed spinel, but their catalytic activity is dif- 
ferent, Consequently, lattice structure has no effect on the nature of the rate-controlling stage or on the activa- 


tion energy, but it changes the factor by which the exponential term is multiplied, and which is probably linked 
with the number of active sites, 


From an examination of the structural formulas of the normal — Co** [Mn**Mn**]0%" — and reversed — 
Co** [Mn**Co**}0%° — spinels, it may be seen that manganese cations present at the surface can, to a greater ex- 
tent than cobalt cations, become electron donors for chemisorbed oxygen atoms, Because of the considerable de- 
gree of dispersion of the catalyst powders, proportionality between the quantity of manganese cations in the bulk 
and at the surface of the particles may probably be assumed without introducing much error. 
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Fig. 3. Kinetic isotherms for the oxidation of a mixture 2C,Hg + 


+ 90, over CoMn,O,: 1)t = 350°, S = 0.14 m’; 2)t = 300°, Ss = 
= 0.25 m’; 3)t = 250°, S = 0,50 m’; 4)t = 200°, S = 0.50 m’, 


min 


Fig. 4. Kinetic isotherms for the oxidation of the mixture 2C3Hg + 
+ 90, over MnCo,0,4. S = 0.5 m*, 1)t = 350°; 2)t = 300%; 3)t= 
= 250°; 4)t = 200°, 


The higher chemisorption capacity and catalytic activity of the normal spinel is possibly due to a higher 
concentration in it of manganese cations, which have the principal effect on the formation of active sites at the 
surface, 


As the rate of oxidation of propylene is proportional to the rate of chemisorption of oxygen, one might hope 


to alter the catalytic properties of the normal and reversed spinel by introducing modifying additives which con- 
trol oxygen chemisorption into the spinel lattice, 
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The Seignettoelectric “properties of potassium ferrocyanide (PFC) below —22° were discovered by Waku et al, 
[1]. Monoclinic crystals of PFC contain four molecules of KFe (CN), * 3H,O per unit cell having dimensions a = 

= 9,32 A, b = 16,84 A, c = 9,32 A [2]. In the study of PFC by the proton magnetic resonance method, a significant 
change in the second moment of the proton absorption line was noted in passing through the Curie point. 


The second moment of the absorption line 


+400 


Sw \ f (H) (H — H,)? dH 


{where f(H) is the normalized function describing the line and (H— Hp) is the difference between the instantaneous 
magnetic field intensity and its resonance value] characterizes the interaction of protons in the substance, and a 
change in its value indicates a change. in position or in mobility of the protons [4], 


In connection with the temperature correlation of change in the second moment of the absorption line with 
the appearance of spontaneous polarization which had been found in PFC, we carried out a more detailed study of 
the behavior of molecules of water of crystallization in PFC by the proton magnetic resonance method, 


The apparatus employed is described in [5], In order to increase the ratio of signal to noise in the study of 
polycrystalline samples, PFC powder was pressed at a pressure of up to 150 kg/ cm* into a cylinder of 13-mm di- 
ameter and 20 mm long, PFC monocrystals with dimensions 12 X 6 X 20 mm and 12 X 8 X 20 mm were also 
studied.* * The study of temperature effects was carried out in the temperature range 77-400°K in a special Dewar 
flask, similar to the one described in [6]. 


The absorption spectrum traces were obtained with a time constant of 3,5 sec in a magnetic field of Hg = 
= 3000 oersteds, at a rate of change of intensity of 0.0194 and 0.0097 oersted ,/sec, The amplitude of modulation 
in the traces did not exceed 0,8 oersted, 


The temperature dependence of the second moment for polycrystalline PFC is given in Fig. 1, and in Fig, 2 
the forms of the derived absorption spectra at different temperatures, 


The expression for the second moment may be written in the form 


S=So+ Si» (2) 


* Ferroelectric. 


** The monocrystals were cut out in the form of parallelepipeds having edges denoted x, y, z. Axis b of the unit 
cell was chosen as axis y, axes x and z coincided with the [101] and [101] directions, respectively, 


| 
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where Sp is an internal component due to interaction between the proton pairs with the water molecules, and Sy 
is an intermolecular component due to the interaction of the protons of a “pair" with other nuclei which possess 
a magnetic moment, The second-moment components, written for the case of a polycrystal containing water 
molecules, have the form [7]: 


S, = 358.1 


S, = 358.1 - + 1) gi 
j h 


where r is the interproton distance in a water molecule (in cm); r; is the distance to the protons of other water 


molecules; r, is the distance to other nuclei having spin I,, and hydromagnetic ratio g,; 8 is the nuclear magne- 
ton. 


In order to split the experimental value of the second moment, 
as determined at liquid-oxygen temperatures, into Sp and Sy, meas~ 
urements were Carried out with a monocrystal, The proton mag- 
netic resonance spectrum of a PFC monocrystal at a temperature of 
—183°, with a maximum spacing AHmax Of 21.6 oersteds between 
the components (peaks) for one of the doublets is shown in Fig. 3. 


oersted? 


The magnitude of the intermolecular component can be de- 
termined, starting with the width of a resolved peak, since the 
broadening of the peak is basically due to intermolecular interac- 
tion, This gives S, = 0.6 + 0.06 oersted”, and from (2), at S$ = 
= 24.6 + 1.2 oersted”, we get Sy = 24,0 4 1.2 oersted”, 


160 -120 -80 -40 40 80° 
It is also possible to determine the value of Sp [4], starting 


Fig. 1. Temperature dependence of from the spacing AH;)ax between peaks (Fig. 3), using the formula 
the second moment of the proton mag- AHmax = 3H r~> (u is the magnetic moment of a proton); whence 
netic resonance line for polycrystal- r= 1,575 + 0,015 A, and from (3) Sp = 23,5 + 1,2 oersted”, which 
line KFe (CN), + 31,0. gives good agreement with the value obtained above. 


It should be noted that the distance between the protons in 
water molecules is about 1,58 A,and correspondingly a second moment of 23.5 oersted? is typical for the rigid 
water molecules in crystalline hydrates, 


The drop in the second moment, beginning at a temperature of about —150°, may in general be due to 
two reasons; increase of the distance between protons, or the appearance of rotational or translational degrees of 
freedom in the water molecules [4], The occurrence of retarded rotation (reorientation) appears at first sight to 
be improbable for a large polar molecular of asymmetrical shape at such low temperatures, It should, however, 
be noted that the reorientation of water molecules in certain crystalline hydrates at comparable temperatures was 
recently reported in [9], Apart from this fact, if it is postulated that the reduction in second moment is due to 
the protons moving away along the hydrogen bonds O-H .... N, then, first, the existence of a strong temperature 
dependence is not in accordance with the usual behavior of hydrogen bonds, and, second, the calculated values 


of the moments to be expected, made on the basis of the structural data given in [2], render this hypothesis im- 
plausible, 


Thus, it should be held that the drop in second moment above —150° is due to a reorientation of the water 
molecules in PFC, From a theoretical consideration, it follows that for proton— proton (p— p) vectors which are 
isotropically distributed within a polycrystal and which are orientated about a fixed axis, the second moment 
should be four times less than for fixed (p— p) vectors, This ratio is not observed in our case at a temperature of 
—35°, at which decrease in the moment ceases, 


Some additional experiments were carried out with a monocrystal in order to explain this fact, The direc- 
tions of the (p~ p) vectors of all 12 water molecules occurring in a unit cell were found by rotating the crystal 
about three mutually perpendicular axes at a temperature of --183°, It was found that 4 (p—p) vectors, of which 
one pair is perpendicular to the other, and which are disposed at an angle of 45° to the edges of the cell (actually 
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Fig. 2. Derived proton resonance spectrums for a 
PFC polycrystal, 


l lL 
-12 -8 -4 4 8 oersteds 
— 


ma. 

H-Hp 
Fig. 3, Absorption lines of a PFC monocrystal at 
a temperature of —183°, The magnetic field 


enters at an angle of ~ 45° to the [111] direction, 
AHmax = 21.6 oersteds, 


the planes in which the (p— p) vectors are located are in- 
clined at an angle of about 10° to the corresponding 
faces], lie in each of the three mutually perpendicular 
planes coinciding with the crystal faces, 


In the positions corresponding to the maximum 
spacing between doublets, the temperature dependence 
of the intensity of these doublets was measured for all 
three planes, The (p—p)-vector doublets lying in the 
X and Z planes disappear at a temperature of about 
—35°, These evidently correspond to the two water mole- 
cules whose oxygen atoms were localized in [2], where 
it was shown that these molecules have identical en- 
vironments, The disappearance of the peaks for these 
protons at —35° implies that at that temperature all the 
corresponding molecules participate in the reorientation, 


For the "third" water molecule composing the 
Ke (CN), * 3H,O molecule, the position of which was 
not established in [2], and to which the (p—p) vectors 
lying in the Y plane probably correspond, the doublet 
disappears at only —20°, Therefore, the potential barrier 
for the reorientation of this molecule differs from those 
for the first two molecules, as a result of which the mo- 
ment at —35° is not reduced by four times, 


The appreciable change in the second moment of 
the absorption line for PFC in the region of the Curie 
point demands some attention, This indicates the maxi- 
mum lowering of the potential barriers for the reorienta- 
tion of water molecules at the Curie point, which is 
probably connected with change in crystal symmetry; 
consequently, the axes of reorientation have no fixed 
position in space, which is implied, in particular, by a 
low value of the second moment above the transition 
point, 


Beyond this, the magnitude of the second moment 
and the shape of the absorption line change little up to 
a temperature of the order of +60°, where a small central 
peak appears, evidently due to self-diffusion of water 
molecules, which leads to further reduction of the second 
moment, 


By 130°, the curve loses its "wings" (see Fig. 2), 
and only a narrow peak remains, 


It should be noted that in all the spectra from 
—138° even up to temperatures of the order of +100° a 
central peak is observed whose intensity changes little 
with temperature; the occurrence of this peak is unusuai 
in the spectra of crystalline hydrates, It may be supposed 
that it is caused by the presence of a small number of 
hydrogen bonds of the O...H-—N type, The presence 
of such bonds causes the occurrence of protons which are 
separated from one another, which explains the existence 
of the central peak, 
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The authors acknowledge their indebtedness to K, S, Aleksandrov for supplying the PFC monocrystals and 
for discussing the results of the work, 
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Values of the mass transfer coefficient Dj4 which are available in the literature [1] for hydrogen in slags 
are very large (107° to 10°? cm? + sec”), They have been obtained in the conditions of the Martin furnace, and 
they primarily indicate not molecular diffusion Djj, but convection, which inevitably occurs in a large volume of 
liquid at high temperatures, To achieve maximum suppression of convection currents and an approximation to 


DH we experimentally produced the case of unsteady-state diffusion by removing the gas from a membrane with 
one impervious boundary [2]. 


mg/ br 


50 min 


a 


Fig. 1, Kinetic curves for the removal of water from slag No, 2 
(27.3% CaO; 56.4% SiO,; 16,3% Al,O,) at 1410° for films of differ- 
ent thicknesses, Curves 1, 2, and 3 for Vi, at 6 = 1.3 mm, 18 
mm, and 2,6 mm, respectively; similarly, Curves 4, 5, and 6 for 
Q/ Qo. 


A thin (6 ~ 1,5 mm) layer of viscous (n = 3-100 poises) liquid (1410-1600°C) slag containing 16,5-53,0% 
CaO, 8,2-41,0% Al,O;, and 6,0-58,3% SiO, was placed in a corundum boat located in an Al,O, tube, Water 
separating from the slag was carried out to a hygrometer by purging with carefully dried nitrogen, When the dew 
(or ice) point was reached, the mirror, initially dark, turned bright, Knowing the purge rate and the dew point, 
the rate of water removal from the slag Vyj,0 was determined, 


F 
Fig. 2, Temperature dependence of diffusion 
coefficient (1, 3) and viscosity (2), 1), 2) For 
slag No, 2; 3) for slag No, 7 (53% CaO, 6% 
SiO,, and 41% Al,Os). 


40 % 


Fig. 3. Relationship between diffusion coef- 
ficient (1,2) and viscosity (3) and slag com- 
position at 1600°; 1) for 57% SiO,; 3) for 
28% 


In Fig. 1, Curves 1, 2, and 3 for the relationship between 
VH,0 and time T for three slag thicknesses are presented as an 
illustration, The instantaneous Q; and initial Qo quantities of 
water dissolved in the slag were determined by graphical in- 
tegration, The ratio of these (Curves 4, 5, and 6) were em- 
ployed to estimate the parameter 9 , which, in the conditions 
of our experiment, can be calculated with an accuracy of 1% 
from the formula: 

Q./ 1 — 8/n? (e—). (1) 

Knowing @ , the value of the diffusion coefficient can 
be determined: 


48° 
Du = = . (2) 


The values of D4, obtained for three slag thicknesses 
(1.3, 1.8, and 2.6 mm), were extremely close ((1.0, 1.1, and 
0,9) * 1075 cm*/sec }. This confirms that in this case diffu- 
sion is the rate-controlling step in the removal of water from 
slag. If the slowest stage was passage through the slag-gas 
boundary, for any given value of Qr /Q, the concentration of 
water in the slag would be the same, and VH,O would be in- 
dependent of film thickness, As can be seen from Fig. 1, this 
is not so, 


In order to make certain that mixing by convection was 
eliminated in our experiments, we applied a relationship ob- 
tained by Lin Tsa-Tsao [3], In an investigation of the onset 
of convection in a thin incompressible liquid film heated 
from below, he found the lower limit for instability to be 
equal to; 


Re = 4708. 


(3) 


In our case, the temperature gradient (—8 ) = 50°/6, 
the coefficient of thermal expansion & = 1,1 10°5 deg! [3], 


& < 0,3 cm, the kinematic viscosity v = FEL tae © 1,2.cm? sec [5], and the thermal diffusivity x = E153 ° 


+ 107? cm?/sec [6]. Hence, Re = 0.8, i.e., convection cannot have a detectible effect in the conditions of our ex- 
periment, Thus, the observed values of Dy; are predominantly a measure of the molecular diffusion of hydrogen 


through the slag materials, 


In the results obtained, the following special features merit attention, First of all, the diffusion coefficient 
for hydrogen is at least a factor of ten greater than those obtained [7-9] for other ions (Ca, Fe, P, S, Si), It is un- 
likely that OH” anions, in which form water is dissolved in slags [1,10], could migrate with such a large velocity, 
For the viscosities of the melts we were dealing with at 1600°, lying in the range 3,2-75 poises [5,11], the value 
of D for the OH™ ion, calculated from the Stokes-Einstein equation, is considerably less and amounts to 1077 to 


cm*/sec, 


In connection with the foregoing statements it may be postulated, as one of us has done [1], that hydrogen 
migrates in slags (like aqueous solutions [12-15])inthe form of protons, which pass from one oxygen ion to the next: 


OH- + 0% + O? + OH-. (4) 


The next peculiarity is the s'i,%t temperature dependence of Dy in slags rich in SiO,. Thus, in slag No. 2, 
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when the temperature is raised from 1410 to 1600°, the value of Dy; remains practically constant (see Curve 1 in 
Fig. 2), while the viscosity drops sharply (Curve 2), Zero activation energy indicates that the diffusing particle 
moves without an energy barrier, This is hardly possible for the OH™ anion, but is extremely probable for the 
proton, In fact, as shown by M. Huggins [15], when hydrogen moves from a hydroxyl to oxygen there is no energy 
barrier until the distance between the centers of neighboring oxygen atoms exceeds 2,65 A, The latter value is 
very Close to the distance (d = 2,64 A) between oxygen ions in SiO, [16]. 


The third peculiarity lies in the fact that the coefficient D yincreases (Curves 1 and 2 in Fig. 3) with rise 
in the concentration of CaO in the slag, but at the same time the activation energy also increases (Curve 3 in 
Fig. 3), According to the theory of absolute rates [12]: 


D= 2.727 as exp (AS*/ R) exp (— E/RT), (5) 
where k and h are the Boltzmann and Planck constants, AS* is the entropy of activation, which is usually small, 
X is the distance between neighboring equilibrium positions of the migrating particle, It follows from Eq. (5) that 
simultaneous increase of Dy and E is possible when A increases, This does not contradict the hypothesis of proton 
migration, The addition to the melt of CaO, in which the distance between oxygen ions in the lattice d = 3,41 A 
is greater [16] than in SiO,, does in fact lead to an increase in \, Estimation of the latter from Eq. (5) and the 
experimentally determined values of Dy and E gives acceptable values of , Thus, for slag No, 2, rich in SiO,, 
at 1600° the value of Dy=1.1° 1075 cm?/ sec, E = 0; the distance = 0,03 A corresponding to these values is 
small, On the other hand, for slag No, 7, rich in CaO, Dy = 2,05 « 1075 cem?/ sec, E = 20,800 cal /mole, whence 

X = 0.71 A, The feasibility of this value is confirmed by its closeness to the difference between the distance d 
in the CaO lattice and the diameter of the O*" ion: 3.41— 2 ° 1,32 = 0.77 A, 


In conclusion, we would comment that the hypothesis of proton migration needs additional experimental 
verification, 
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The electron paramagnetic resonance (epr) spectra of chloroform solutions of the copper complexes of 2- 
(I), (11), 2-nitrobenzene- 
-(1-azo0-1"}naphthol- 2° (III), (IV), 2,6-dichlorobenzene-(1-azo-1")- 
-naphthol-2" (V), 2-hydroxy-1,1'-azonaphthalene (VI), (VII), and 
8-chloro-2*-hydroxy-1,1"-azonaphthalene (VIII) were investigated at a frequency of 9375 Mc. 


Apart from four lines of hyperfine structure (hfs) due to the interaction of an unpaired electron with the cop- 
per nucleus (I = *4), a secondary hyperfine breakdown was discovered, The form of the spectrum from the four 
main hfs lines is similar to that observed by McGarvey [1] in solutions of copper acetylacetonate and its deriva- 
tives, and can readily be integrated using the relaxation theory developed by McConnell [2], which explains the 
asymmetry of the spectrum in terms af the relationship between the contribution of anisotropic hyperfine inter- 
action to paramagnetic relaxation and the nuclear spin quantum number Iz. This relationship leads to the fact 
that the hfs lines differ in width for different values of I, The spacings between the four hfs components vary be- 
tween the limits of 60-70 gauss for different compounds, 


With the exception of the solution of compound VIII, the secondary five-line hfs is clearly resolved in the 
most intense line of the basic hfs spectrum (I, = —*4), whereas it is almost imperceptible even in the second line 
(I, = -%). This is in complete accordance with McConnell's relaxation mechanism, since the widening of the 
hfs components of the basic spectrum accompanying an increase in I, should cause reduced resolution of the sup- 
plementary hfs, The secondary hyperfine spacing implies that the unpaired electron is not localized in the copper 
atom but is also in the field of two of the nitrogen nuclei of the two azo groups, Interaction of the electron with 
only two of the nitrogen atoms (one from each azo group), can evidently be explained by the fact that the 1 -elec- 
trons of the azo-groups do not take part in the formation of chemical bonds with the copper atom, since additional 
energy is required to excite them for this, It is known that the energy of the ™-bonds in an azo group is almost 
twice as great as the energy of the o-bonds [3], The copper atom, using two valence electrons (s and p), forms 
two chemical bonds with the oxygen atoms, Copper forms two other bonds with the aid of its two unfilled orbits 
(p and d), and the unshared pairs of electrons of the nitrogen atoms of the azo groups, Thus, if our supposition is 
correct, the free electron density must be distributed over only two nitrogen atoms, which participate in the 
formation of bonds with the copper atom, More remote atoms affect the width of the hfs lines and the g factors, 
and also the resolution of the secondary hfs spectrum, The position and resolution of the spectra are considerably 


dependent on the solvents, The biggest variations in spectra were observed in the study of compounds dissolved in 
dioxane, 


| 


Values of g Factors and Widths of Hyperfine Structure Lines for M/ 100 
Chloroform Solutions of Copper Complexes 


No. Compounds AH, (gauss) 


5 second 

hfs lines with 
spacing of 

11 gauss 


The same 


= 

| I O— Cu—-—— 2 .042 | 2.079) 2.117 33 
Il 2.041 | 2.086 | 2.124 | 38 

2,030 | 2,072] 2.116 38| 42 

NO, 
IV 2 ,043 | 2.082 | 2.117 34] 39 

A 
Vv 2 ,021 | 2.067] 2.110 32! 36 
SOD 
q 
N= 
VI 2.036 | 2.072] 2.111 32| 35 
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(continued) 


AAs Bauss 


No. Compounds AH,,gauss 


The same 


The traces of epr spectra of M/ 100 solutions of I, V, and VIII are given in the figure (the spectra of II and 
Ill differ little from the spectrum of I, and the spectrum of VIL from that of V; the resolution is better in the spectra 
of IV and VI than in1I), The measured g factors and widths of the fully resolved lines of the basic hfs spectrum 
(between points of maximum slope) are given in the table, The resolution of the secondary hfs depends on the 


nature of the substituents, their number, and position in the aromatic rings, A similar type of substituent effect 
on the resolution of hfs spectra has been observed in chromocenes [4]. 


I 56 gauss y H 


It can be seen from the spectra given in the figure that the resolution of the spectrum of compound V, which 
contains two chlorine atoms in the ortho position with respect to the azo group, is increased with respect to com- 
pound I, It is impossible to explain the observed changes in the spectra only in terms of the mechanisms of line 
widening considered by McGarvey [5], It is known from the study of luminescence spectra that complex mole- 
cules with a large number of 1 -electrons, particularly those having unpaired electrons, can associate with one 
another even in very dilute solutions, The formation of such associated systems in the solutions we have studied 
would promote a magnetic dipole-dipole and an exchange interaction between molecules; on the other hand, the 
reorientation times for the associated systems would be greater than for separate molecules, The power to form 
associated systems is evidently so great for the copper complex of benzeneazonaphthol-2, which contains no sub- 


stituents in the aromatic rings, that it is impossible to dissolve it in chloroform or other solvents (benzene, dioxane, 
tetrahydrofuran, pyridine, and toluene), 


Introduction of the substituents Cl and OR, which possess large van der Waals" radii, would reduce the pos- 
sibility of forming associated systems, The better resolution of the secondary hfs in solution V compared with 
solution I is probably due to the greater power of I to associate, Thus, in the analysis of variations observed in 


epr spectra it is essential to take into consideration the effect of the tendency of the compounds to associate in 
solution on the form of the spectrum,as well as other mechanisms, 


| 
= 
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Attention is drawn to the relationship between the resolution of the secondary hfs and the g factors of the 
hfs line of maximum intensity, due to the interaction of an electron with the copper nucleus, 


For all the compounds investigated, except IV, the smaller the g factor, the better the resolution, 


The fact that no secondary hfs is observed in spectrum VII can probably be explained by steric hindrance 
effects, which interfere with the interaction of the unpaired electron with nitrogen nuclei, The proximity of the 
nitrogen and chlorine atoms in VIII may lead to the loss of the planarity of the molecule. This would consider- 
ably weaken interaction between an electron and nitrogen nuclei, 


In solidified solutions, the hfs completely disappears and wide asymmetrical lines of the order of 200-250 
gauss are observed, The polycrystalline samples of these compounds, which were investigated previously [6], had 
a line width of 30-50 gauss, Consequently, exchange interactions have a substantial effect on the line widths for 
polycrystalline samples, 


All the compounds studied are readily soluble in acetylacetone and give the same spectrum, consisting of 
four lines with g, = 2,052, g, = 2.097, g, = 2.141, g4 = 2.175, and AH, = 26, AH, = 24, AH, = 28, and AH, = 37 gauss, 


Displacement of molecules of the azo compounds from the complexes by acetylacetone molecules evident- 
ly takes place on solution, 


When investigating epr in magnetically dilute polycrystals of copper bis-salicylaldehydeimine, Maki and 
McGarvey [7] observed a secondary 11-line hfs resulting from the interaction of an unpaired electron with nitro- 
gen nuclei and protons from the hydrogen in the CH groups, Solutions of this compound and a series of its deri- 
vatives in pyridine, dioxane, and tetrahydrofuran which we studied gave no secondary hfs. 


LITERATURE CITED 


B. R. McGarvey, J. Phys. Chem, 60, 71 (1956), 

2. H.M. McConnell, J, Chem, Phys, 25, 709 (1956), 

3. Ya.K. Syrkin and M, E, Dyatkina, The Chemical Bond and the Structure of Molecules [in Russian] (Moscow, 
1946), 

4. V.V. Voevodskii, Yu. N. Molin, and V, M. Chibrikin, Optika i Spektroskopiya 5, 90 (1958), 

5. B.R. McGarvey, J. Phys. Chem, 61, 1232 (1957), 


6. A.K, Piskunov, D. N, Shigorin, V. 1. Smirnova, and B, I. Stepanov, Doklady Akad, Nauk SSSR 130, No, 6, 
1284 (1960). 


A. H, Maki and B, R. McGarvey,'J, Chem, Phys, 29, 35 (1958), 


All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. Some or all of this peri- 
odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 


4 
~ 

4 
< 

1. 


THE THERMODYNAMIC AND DIFFUSION CHARACTERISTICS OF THE 
SILICATE CONSTITUENTS OF CEMENT ON SOLUTION IN WATER 


V. B. Ratinov, G, D, Kucheryaeva, and G, G. Melent*eva 


Scientific Research Institute for Reinforced Concrete Products, Structural, and 
Nonmetallic Materials 

(Presented by Academician P, A, Rebinder, September 22, 1960) 

Translated from Doklady Akademii Nauk SSSR, 

Vol, 136, No, 4, pp, 875-878, February, 1961 

Original article submitted September 14, 1960 


Results are set out below for the measurement of the thermodynamic (metastable solubility) and diffusion 
characteristics of tricalcium silicate (CS) and 6 -dicalcium silicate (C,S), a knowledge of which is of importance 
for the construction of a theory of the hardening of concrete, The solubility of the aluminate constituents of ce- 
ments was first determined by E, E, Segalova, E, S, Solov"eva, and P, A. Rebinder [1,2]. By the solubility of the 
binder C; we mean the maximum possible concentration of it corresponding to saturation of the solution with re~ 


spect to the binder; therefore, the value of Cs is related to the free-energy change on solution AF by the well- 
known relationship : 


C, = exp (1) 


where = RT In f; f is the activity coefficient. 


The difficulties in arriving at a value of Cs for clinker minerals and many other salts which are capable of 
forming solutions which are supersaturated with respect to products formed in the solution are due to the fact that 
when they react with water a new phase* may begin to crystallize out at a high rate even before concentrations 
corresponding to the solubility of the initial substance are attained in the solution; consequently, more material 
will be expended from unit volume of solution per unit time on the crystallization of products (generally hydrates) 


than will be taken up by the dissolution of the initial material, and the directly measured concentration of the 
latter will not attain the value Cg. 


For this reason we determined the solubility of alite and belite by several independent methods, including 
one which made it possible to exclude the stage of product crystallization, By means of this method we were al- 
so able to measure the diffusion characteristics of the binders, 


The theory of the method was evolved by V. G, Levich [3]. For the case where a disk of the material under 
investigation is rotated in water in conditions of controlled convection, the theory states: 


Vv 


Iv 
2 
(2) 


where I is diffusional flow; 


m is the quantity of substance dissolved; s is the disk surface area; and T is time of solution, 


* The chemical composition of the new phase may be different from the composition of the initial material. 
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le/ lit 
— Knowing the kinematic viscosity of the so- 


lution v, and given a constant angular velocity for 
ee the disks w, it is possible to find the values of G 
- d for alite and belite if their diffusion coefficients 
¢ D are known, We determined the value of D by 
carrying out experiments with disks of calcium 
hydrosilicates having the same basicity as the cor- 
responding anhydrites C,SH, and C,SH(A). 


4---a 


Both hydrates were synthesized in a bomb, 
the first from C,S and the second from sand and 
limestone* ; their solubilities were determined in 
the normal way — the analysis of the solution ob- 
tained when the solid and liquid phases had reached 


Kinetics of solution in water of disks of C3 (a), C,S (b), equilibrium, Silicate ion concentration was deter- 
CsSHp (c), CeSH(A) (4): 1) 12°: 2, 3, and 5) 20°: 4) 30° mined colorimetrically by the formation of a 
6) 7) 50°: 10) 60°: 9) 70°. colored complex with ammonium molybdate in 


sulfate solution [4], and calcium ion concentration 

by trilonometric titration [5], The experiments 
Thermodynamic and Diffusion Characteristics of C,S were Carried out under nitrogen to avoid carboni- 
zation, The disks of C3S, C,S, and the hydrates 
were prepared by the technique of peceting the dry 
powders up to a pressure of 20,000 kg/cm” in spe- 
cial molding presses [6]. The technique adopted 
0,155 - sg ensured good reproducibility of the results in repeat 
0,172 2.4 3.2 experiments, 


0,190 3,7 4.3 
0,203 5.2 6.6 The diffusion coefficients for these hydrates, 


which we took to be equal to the values of D for 
0.212 6.3 8.3 
0.236 1.4 10.5 the corresponding anhydrites, were calculated from 
0.058 81 12 . the data obtained for C,SH, and C,SH(A) (see figure) 
wh im 1 43 by formula (2); the rest of the data needed to cal- 
culate C, were obtained from the experimental 
curves given in the figure, 


Temp. | Solubility Diffusion Diffusional flow, 
of expt.,| Cg, coefficient I-10’, 
g/ liter D + 10°, cm*/sec g/em* * sec 


In addition, disks were also used for an alternative method for determining the solubility of C;S and C,S, 
which made it possible to eliminate the diffusion coefficient from the calculation and to avoid the use of the 
calcium hydrosilicates, This method requires the running of at least two experiments: the first at an initial con- 


centration of the substance under investigation equal to Cy, and the second at C2, Equation (2) may then be written 
in the form: 


h = K (Cs — G), (4a) 


In = K (C, —C)). 


Constancy of the coefficient K is ensured in dilute solutions by using small differences between the values 
of C, and C2; practically speaking, the values of D and v do not then vary, 


Solving Eqs, (4a) and (4b) for C,, we get 


Oxli—Cile 


Cs 


At C, = 0, Eq, (5) is simplified 


*C SH, was synthesized by L, N. Rashkovich, and C,SH(A) by O, I. Gracheva, to whom the authors express their 
gratitude, The purity and phase composition of C;S and C,S and the hydrates were determined by chemical and 
x-ray analysis; the latter was carried out by L, N. Rashkovich and O, I, Gracheva on a URS-50I diffractometer, 


i 
= 
O 2 
4 
— 
a O 
0 20 min 
ig, 
20 
40 
50 
60 
70 
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A formula of similar type, 


Cs 0,—%m (5a) 


was used to obtain the rising portion of the experimental kinetic curve for the rate of solution of CS and C,S 
suspensions, 


Here, Vand vp are the mean rates of solution over arbitrarily chosen time intervals At , and AT jy (or the 
true rates at times T p and Tp); Cp and Cp are the corresponding concentrations of the substance in solution, 


We also determined the solubility of C,S and C,S by direct measurement, working with dilute suspensions 
containing surface-active additives which retarded the crystallization of products more strongly than the dissolu- 
tion of the initial compounds, The absence of any appreciable crystallization of hydrates was checked in these 
and all the other experiments by whether a constant molar ratio of calcium and silicate ions (Cea:Csio,) was 
maintained, 


As the products formed from dilute suspensions of C3S and C,S are less basic than the initial compounds, a 
rise in the value of Cca:Csjo, in the solution indicated that crystallization had started; in the absence of crystal- 
lization the ratio was constant and equal to 3 and 2, respectively, 


The values of Cs, for CgS and C,S at 20° obtained by the methods stated did not differ from one another 
by more than 10%; this indicated that the values for the diffusion coefficients for molecules and ions in the solu- 
tion of C,S, C,S, C,SH,, and C,SH(A) were close and that the first method could also be used for the determina- 
tion of C, and D at higher temperatures, The results of these measurements are presented in the table, 


At 2°, the solubility of C3S was 0,256 g/liter, at 10°,0,338 g/liter, at 20°, 0,387 g/liter; the diffusion co- 
efficients were 2,6 + 107°, 3,0 and 3,4 cm?/sec, respectively; the diffusional flows were 0,5 10°°, 
0.67 ° 1078, and 1,0 «1078 g/ cm? * sec, respectively, (In all cases, the rate of rotation of the disks was equal to 
10 rev /sec,) 


The heat of solution Q, for C2S equal to 1,5 kcal/ mole, was calculated from the data obtained by the equa- 
tion 


din, Q 
(6) 


and, by a formula of similar type, the activation energy of diffusion on dissolution in water, equal to 6,3 kcal/ mole, 


Knowing the solubility and heat of solution of C2S, its other thermodynamic properties can also be calculated 
from well-known formulas, 


The values which we determined for I" = (I/w?)10 g/cm” sec on solution in water for gypsum, lime, tri- 
calcium aluminate, C,S, and C,S at 20° were 8.1, 3.2, 1.9, 1.2, and 0.5, respectively;they fall into the same 
order as their hardening rates in concentrated suspensions; this serves as yet another proof that the mechanism of 
binder hardening elaborated in [5-7] is correct, 
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In the present work, the most important results of a study of electron-density distribution in gallium arsen- 
ide are reported, The method of investigation was basically the same as that described previously [1,2]. Semi- 
crystalline gallium arsenide, purified by zone melting, was ground to a fine powder in an agate mortar 
and elutriated in toluene to a particle size of 5-8, The x-ray pattern was obtained at room temperature with 
CuK, radiation, using a URS-50 recording x-ray apparatus, and with a Geiger— Miller counter, The line intensi- 
ties were determined from peak areas recorded on an EPP-09 automatic potentiometer. 


Using experimentally determined absolute reflex intensities I},,7, the squares of the structural amplitudes 
F? were calculated for three types of lines — lines with even indices, the sum of which is divisible by four (F%), 
odd indices (F3); and even indices, the sum of which is not divisible by four (F3) (see Fig. 1a), From the data on 
the squares of the structure factors, the values of the atomic scattering factors for gallium and arsenic ions were 
calculated (Fig, 1b), Values of the logarithms of the atomic scattering factors for various values of rhi are shown 
in Fig. 2, As may be seen from Fig. 2, at Dhi > 12 for arsenic ions, and at Eh} > 10 for gallium ions, the loga- 
rithms of the atomic scattering factors fall on straight lines, This fact indicates the possibility of using a method 
described previously [3] for the summation of three-term Fourier series, and the calculation of the electron- 


density distribution over the whole unit cell of gallium arsenide, using the values obtained for the atomic scatter- 
ing factors. 


The electron-density distribution map for plane (110) of the unit cell of gallium arsenide is given in Fig. 3. 
The electron-density distribution between Ga— As~Ga ions in the [111] direction (Fig. 4a) and between Ga— As 
ions in the [113] direction (Fig. 4b) in plane (110) are given in Figs, 4a, b. In the (110) plane, a “bridge® of in- 
creased electron density of a minimum value of 0,49 electrons/ A® is observed between the gallium and arsenic 
ions in the [111] direction between points 000 and ¥, A ¥. Similar “bridges” are observed in crystals of silicon, 
germanium, and indium arsenide, In indium arsenide the minimum electron density in the “bridge” is 0.45 elec- 
trons/ A*, and the width of the bridge is somewhat less, 


The “bridge” of increased electron density observed between the gallium and arsenic ions in the [113] direc- 
tion is not so clearly defined as that which occurs in indium arsenide, At the same time, an area of minimum 
electron density ("valley") typical of germanium and silicon crystals is not observed, Unlike indium arsenide, 


somewhat higher electron densities occur in gallium arsenide between the metal ions GaGa in the [001] and 
[110] directions, 


In gallium arsenide, as in indium arsenide, the electron density in the [111] direction near the point */, /, 4 
is nearly zero, The nonsphericity of the arsenic ion is most strikingly noticeable in gallium arsenide, In indium 
arsenide, nonsphericity of the arsenic ion is also noticeable but is not so clearly defined, It should also be noted 
that the maximum electron density at the location of the center of the arsenic ion is considerably higher in gal- 


lium arsenide than in indium arsenide, It is possible that this fact is connected with the difference in the character- 
istic temperature of these compounds, 


ad 


Fig. 1. Variation of the square of the structure Fig. 2. Variation of the loga- 
function F? for gallium arsenide (a) and the atomic rithms of the atomic scattering 
scattering factors (b) for arsenic ions (I) and galli- factors for arsenic ions (I) and 
um ions (II) in gallium arsenide as a function of gallium ions (II) as a function 
of 


10> 
0 mp 
Fig. 3. Electron density distribution map in the (110) plane 
of a unit cell of gallium arsenide, 


The data obtained on electron density distribution enable some estimate of the ionic radii of gallium and 
arsenic to be made, 


On the basis of an electron density level of 0,5 electrons/ A’, the ionic radius of gallium is equal to 0,8 A, 
and the ionic radius of arsenic is 1.65 A, At the same time, the ionic radius of arsenic in the [113] direction is 
somewhat less — of the order of 1,3 A, If the ionic radius is determined taking a somewhat higher electron-density 
level, the ionic radius of gallium changes relatively little whereas the ionic radius of arsenic is greatly reduced, 
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Fig. 4. Electron density distribution in the [111] (a) and [113] (b) direc- 
tions in the (110) plane of a unit cell of gallium arsenide, 


At an electron density level of 0.25 electrons/ A*, the ionic radius of gallium is 1.3 A, and the ionic radius 
of arsenic is 1.45 A. In indium arsenide, at an electron density level of 0,5 electrons/ A’, the ionic radius of in- 
dium is equal to 0.9 A, while the ionic radius of arsenic is 1.2-1.10 A, At an electron density level of 0,25 elec- 


trons/ A*, the ionic radius of indium is approximately equal to 1,5 A, while the ionic radius of arsenic is equal to 
about 1,35 A. 


The ionic radius values given, although they are of an approximate and preliminary nature, are of con- 
siderable interest and in particular indicate that sphalerite structures, being the structures with the densest pack- 


ings, may only to a first approximation be studied by a consideration of the nature of their electron-density distri- 
bution, 
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It is well known that by changing the reaction medium it is possible to affect the reactivity of substances 
and even the direction in which chemical processes proceed, The study of hydrogen isotope exchange provides 
striking examples of this [1]. Reactions due to electron donors or bases involving hydrogen exchange, formation 
of organcmetallic compounds, isomerization with a displacement of a multiple bond, alkylation, and anionic poly- 
merization, in the course of which,in the final case,carbanions are formed, come under the general field of or- 
ganic anion chemistry [2], Reactions which give rise to anionic radicals have a certain similarity to such reactions, 
It is often possible, by analyzing the results obtained in the investigation of certain reactions, to predict the effect 
of some factor or condition on other reactions whose direction is determined by similar laws, In the present study 
we have attempted to approach anionic polymerization from this point of view, The methods of initiating poly- 
merization by means of solid potassium amide and alcoholate in dimethoxyethane, which are described below, 


were suggested by studies devoted to the investigation of deuterium exchange between hydrocarbons and bases, 
and the study of the conditions of formation of anionic radicals, 


It has been shown previously [3] that hydrogen exchange and isomerization which take place in an am- 
moniacal solution of potassium amide can be carried out on the surface of solid potassium amide in the absence 
of a solvent, We decided to apply heterogeneous catalysis by means of potassium amide to polymerization, as we 
considered that in the absence of ammonia, which tends to rupture the polymer chain, it would be possible to ob- 
tain polymers of considerably higher molecular weight than in ammoniacal solution, This prediction turned out 
to be correct — in our work, styrene polymers with molecular weights of several millions were obtained over solid 
potassium amide, whereas according to literature data [4,5], confirmed in our laboratory, only low molecular 


weight polymers (molecular weight 2000-4000) are formed in styrene polymerization catalyzed by potassium or 
sodium amides in liquid ammonia, 


The idea of initiating a polymerization reaction by means of an alcoholate in dimethoxyethane arose from 
a comparison of the observed effects of solvents on the catalytic activity of alcoholates in deuterium exchange 
and on the stability of anionic radicals, A sharp rise in the catalytic activity of C,HsOK (or NH,CH,CH,OK) with 
respect to hydrogen isotope exchange in triphenylmethane was noted [6] if ethylenediamine was used as the solv- 
ent instead of ethanol (or ethanolamine), This effect may be considered a result of the enhanced capacity of the 
alcoholate to act as an electron donor, due to stronger solvation of the cation in ethylenediamine than in alcohol, 
The formation of a stable solvate between the cation and the solvent eliminates ionic interaction in which non- 
Coulombian forces of a donor— acceptor nature participate [1], and the anion becomes a stronger base, One in- 
dication of high solvation power of a solvent with respect to alkali- metal cations is solubility of the latter, ac- 
companied by the formation of blue,electrically conductive solutions [7,8]. Ethylenediamine is such a solvent [6]. 
The role of solvation of metallic cations in the formation of anionic benzene and toluene radicals is considered in 
[9]. Solvents can be arranged in a series by relative concentration of anionic radicals, as determined by measur- 


ing the electron paramagnetic resonance spectra. At the head of the series is 1,2-dimethoxyethane, in which, as 
is well known [7,8], potassium is soluble. 


=! 


% 
100 
| 
w 
al 
< 


550 


+ 


Fig. 1. 


60 
Qa, 
Ba 
Z 
$00 46530 500 550 600 mp 
Fig. 2. 


Taking into account the recorded facts and opinions, we expected 
alcoholates to possess considerable electron-donor activity on solution 
in dimethoxyethane, We confirmed this supposition by the fact that 
when CH,OCH,CH,OK in the stated solvent acted on fluorene the latter 
ionized, forming carbanions, which could be seen from the spectrum of 
the solution, In Fig. 1, light absorption curves of solutions at several 
concentrations are given, The positions of the maxima in the curves 

(A 365, 465, 480 mp) correspond to those found in the reaction of fluo- 
rene with caustic potash in liquid ammonia [10]. A less acidic hydro- 
carbon — triphenylmethane — does not ionize in these conditions, An 
alcoholate in dimethoxyethane is also capable of initiating the poly- 
merization of vinyl monomers, For example, CH;OCH,CH,OK brings 
about the rapid polymerization of methylmethacrylate, Polymerization 
is also observed on the mixing of styrene with a solution and suspension 
of CH,OCH,CH,OK or CH,OK. 


According to literature data [11-13], alcoholates initiate the 
anionic polymerization of more reactive monomers (acrylonitrile, 6 - 
nitrostyrene), The polymerization of methylmethacrylate was recently 
reported [14], using sodium methoxide in liquid ammonia solvent, which 
strongly solvates cations and readily dissolves alkali metals, 


Let us pass to the description of the experiments, The monomers, 
purified in the usual way, were given additional purification prior to 
the experiment, Styrene was partially polymerized over metallic potas- 
sium and recondensed under high vacuum, while methylmethacrylate 
was distilled under high vacuum, taking the middle fraction, The po- 
tassium amide was prepared by reaction with liquid ammonia, using the 
apparatus described in [15], and was applied to the surface of glass pack- 
ing, as used for the packing of distillation columns, After stripping off 
the ammonia, the system was kept under vacuum for 1-2 hours while 
heating in a water bath, and the monomer was added under vacuum, 
On contact with the solid potassium amide, the styrene acquired a red 
coloration, Determination of the ahsorption spectra indicated the exist- 
ence of wide bands with maximum absorption at \ = 520 mp (Fig. 2,1). 
The intensity of the coloration gradually increases, and then falls. In 
two or three days at room temperature the styrene polymerizes com- 
pletely, and a solid polymer is obtained which dissolves slowly in ben- 
zene, It was precipitated from benzene solution with methanol, dried 
under vacuum at 80°, and the viscosity of a toluene solution at 25° was 


determined. The following values of ghe characteristic viscosity [” ] (neglecting pressure drop) were obtained for 
the samples of polymer produced: 6.0, 6.8, 5.4, 5.8, 7.3, 5.1, and 7.5, These polymers are therefore character- 
ized by a very high molecular weight, If the surface area of the potassium amide is reduced, the over-all picture 
remains the same, but the polymer is formed more slowly, In a control experiment carried out without potassium 
amide, the styrene still had the appearance of a viscous liquid even after three weeks, On the addition of meth- 
anol, a few percent of polymer was precipitated. In one experiment, a portion of the colored styrene was sepa- 
rated under vacuum from the styrene on the potassium amide, and the vessel was sealed off. The styrene remain- 
ing on the potassium amide almost completely lost its color after 2 days and then turned into a solid polymer, 
whereas the separated portion of the monomer retained its reddish-violet coloration and remained completely 
fluid for the month during which it was observed, It is therefore probable that the intense coloration which occurs 
when styrene is acted on by bases, and which determines the maximum in the light absorption spectrum in the 
region of a wavelength of X > 500 mp (Fig. 2),is not due to carbanions playing a leading part in the polymeriza- 
tion process, The reactions of styrene with alcoholates in dimethoxyethane, described below, and also the facts 


presented in [16], which is devoted to a discussion of the mechanism of the initiation of styrene polymerization 
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by potassium amide in liquid ammonia agree with this supposition, It is suggested that this problem should be 
studied further.* 


Methylmethacrylate is a more reactive monomer than styrene with respect to anionic polymerization, and 
was converted in the course of a few minutes over potassium amide with the liberation of a large amount of heat. 
The polymer was dissolved in chloroform and precipitated with methanol, The characteristic viscosity of the 
chloroform solution at 25° [n] was 3.2 and 2.2, 


The experiments with alcoholates were carried out using a high-vacuum technique, but some stages were 
performed under an atmosphere of purified nitrogen, Particular attention was paid to careful purification of the 
dimethoxyethane and to the complete removal of alcohol from the alcoholate, To this end, the solvent was 
distilled several times onto the surface of a mirror of metallic potassium, thereby achieving a solution of potas- 
sium in dimethoxyethane having a stable blue coloration, About 2 ml of dime thoxyethane containing 0,02 or 
more ml of alcohol, from 0,01 to 0.1 g metallic potassium for the formation of the alcoholate, and 0,5-3 ml of 
monomer were taken for the experiments, When the combined solution and suspension of alcoholate in dimeth- 
oxyethane were mixed with styrene a blue coloration rapidly appeared, and the solid alcoholate dissolved, In 
the reactions of styrene with CH;OCH,CH,OK and CH;OK the colorations are different in shade, but the maximum 
in the light absorption spectrum is in the same wavelength region of \ = 520-530 mp (Fig. 2,2 and 2,3), It is 
noted that the coloration is retained and only weakens wheu the solution comes into contact with air, or even 
when alcohol is added, The yield of styrene polymer was 3-30%, depending on the reaction conditions, The char- 
acteristic viscosity of toluene solutions of the polymers formed in the presence of CH;OCH,CH,OK was equal to 
(nk 1.3, 0.3, 0.3, 0.3, 0.9, 0.6, 0.5, 1.2, 1.3, 0.6, and 0.2 using CH,OK, Polymer was absent in the control ex- 
periments carried out without alcoholate, 


When methylmethacrylate was mixed with a combined solution and suspension of CH;OCH,CH,OK in di- 
methoxyethane, rapid polymerization accompanied by a rise in the temperature of the solution was observed, The 
polymer yield was higher than in the case of styrene, The characteristic viscosities of chloroform solutions of the 
polymers [n}:; 0,13, 0,20, 0,25, and 0,53, 


We plan to continue this work with a view to a more detailed study of anionic polymerization over solid 
metal amides and other solid bases, and a study of the polymers obtained, and we also intend to compare the ef- 
fect of solvents on the chemical activity of the alcoholates of various alcohols and metals, 


We extend our gratitude to E, A. Rabinovich and Yu, P, Vyrskii for their help in the determination of the 
spectra and the viscosities of polymer solutions, 
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As has previously been noted [1-3], in addition reactions of alkyl chloroalkylsilanes to 1,1,2-trifluoro-2- 
-chloroethylallyl ether (CH, = CHCH,OCF,CHFC1) and 1,1,2,2-tetrafluoroallyl ether (CH,= CHCH,OCF,CHF,), the 
strength of the adsorption interaction between the reacting molecules and the catalyst surface can play an essen- 
tial role. In order to verify this, we studied the adsorption capacity of a Pt/C (1% Pt) catalyst in relation to the 


following alkyl- and chloroalkylsilanes: (CjHs),SiH (1), CH3(C,Hs)}SiH (I), C,Hs(C3H;),SiH (IIL), C1,SiH (IV), 
C,HsSiHCl, (V), and CH3(C,Hs)SiHC1 (VI), 


The adsorption of these materials was studied in a flow arrangement [4] at 20° and atmospheric pressure, in 
the relative pressure range of the vapors from 0 to 0,5, The carrier gas used was nitrogen from a cylinder, which 
had been dried and purified by silica gel and activated charcoal, Prior to adsorption measure ments, the catalyst 
was heated at 300° in vacuo (about 10~* mm) to remove adsorbed moisture and vapors of organic compounds, The 
saturated vapor pressures (P,) of adsorbates (I)-(VI), which are needed to construct the adsorption isotherms, were 
determined in the same apparatus by the gas saturation method [5], 


At sufficiently small streaming rates of passage of the carrier gas through the adsorbate, the adsorption rate 
is limited by the delivery of the vapor of the adsorbate to the weighed quantity of catalyst. The amount of vapor 
adsorbed will be proportional to the time of passage of the vapor-gas mixture across the catalyst layer, Thus, 
there is a possibility of finding P, from the amount of adsorbed vapor and the volume of carrier gas passing through 
the system, The vapor pressure (P,) is found from the relation P,;/P = v/V, where P is the total pressure in the 
system (atmospheric), v is the volume of material discharged in unit time, calculated by the Gas Laws from the 


weight of adsorbed material, and V is the total volume of mixture, calculated from the stream rate, which was 
measured by a flowmeter. 


As can be seen from Fig. 1, the amount of adsorption of all the alkyl silanes is linearly dependent on the 
time of passage of the stream, Kinetic curves were measured at a stream rate through the adsorbate of v, = 1 
ml/ min, and a rate of the diluted stream of vz = 20 ml/min, The values of P, calculated from these results are 
given in Table 1, together with other P, values, calculated by the method of Gauss and Newton, and by Antuan's *[5] 
equation, for comparison, The agreement of all the values is quite satisfactory, taking into account the relatively 


low accuracy in determining P, from temperatures of boiling points, and from experiments where the error in de- 
termining vy and vz by flowmeters is about 0,1 ml/ min, 


Figure 2 contains the adsorption isotherms of the materials studied in the P/P, range from 0 to 0.5, The 
values of P/ P, were calculated from the formula [4]: P/Ps = vy/(vy + V2 — V2 * Ps/ Pg), where Pg is atmospheric 
pressure, The adsorption capacity (a.c.) for the materials was not uniform — the chloroalkylsilanes were adsorbed 
much more strongly by the catalyst than the alkylsilanes, The materials can be placed in the following sequence, 
according to increasing VI>IV >(V)>I>1>I0. 


*Name not verified. 
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Fig. 1. Kinetic adsorption curves for silane vapors on 1% Pt/C at 
20°, The numbers on the curves here and in Fig. 2 correspond to 
the numbers of the compounds in Table 1, 
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Fig. 2, Adsorption isotherms for silane vapors on 1% Pt/C at 20°, 


A quantitative estimation of a,c, for the specified compounds can easily be carried out by comparing the 
effective areas wy) occupied by the molecules in a loosely packed adsorption layer, wp» was calculated from the 
BET equation, from the known wy value for a benzene molecule (40 A?), 


The results for the a,c. of the compounds can be compared with their reaction capacity in competitive ad- 
dition reactions to 1,1,2-trifluoro-2-chloroethylallyl ether (see Table 2), This comparison shows that with one 
component of the mixture being kept the same (IV or V) the yield of the addition product of the second com- 
ponent increases with increasing wp (i.e., with decreasing a.c.). This is the case for the mixtures IV + I, IV +1, 
IV + Il, and V + VI, V + DI. In addition, for materials with practically the same a,c, (IV and V) the yield of 
the addition products is also the same, 


The effect of the strength of adsorption interaction in competitive addition reactions, taking account of 
conclusions made earlier [3], can be interpreted in the following way, The increased a,c, of chlorosilanes leads 
to formation on the surface of very active chlorosilane radicals (C1,Si and C1,SiC,Hs) which by trapping the hy- 
drogen of the trialkylsilane form the less active trialkylsilane radical, The latter have already been added to 
the multiple bond of an unsaturated compound, Direct addition of chlorosilane radicals to unsaturated compounds 
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TABLE 1 


No. 


1 Mole- | Temp., 
Silane cular °C 
weight 


p,mm 


(at 20°) 


calculated, 


Gauss and 
Newton 


calculated, 
Antuan's 
equation 


SiH 116,28 | 107,0 
102,25 78.0 
CHW SIH 126,19 | 152.5 
chsin 35, 31.8 
129/07 76,0 
"6! 9°0 


TABLE 2 
No. of | Xiela Relative Wo 
No. Components ompound 0 activity (A?) 
per Table 1 
Cl,SiH 
C,H,SiHCl, 
C,H,),SiH II 4,7 
i 
3 IV 31 50 
1 5t 1,7 64 
5 IV 32 50 
CH,)(C2H,)SiHCI VI 35 1.4 40 
6 +H, SiHCI, Vv 27 50 
(CH,)(C,H,)SiHCI VI 33 1,2 40 
7 SH, SIHCl, 25 50 
(CH,)(C,H,),SiH 58 


LITERATURE CITED 


* Analysis of the reaction products in the gas phase (~200 cm® ) here 
showed that they consisted of up to 96% hydrogen, The formation of hy- 
drogen is evidently due to recombination of H atoms formed during 
homolytic splitting of the bond H—- Si= Si- H> 


= 


also takes place, During the addition of (CH;XC,Hs(Cl)siH to Cl,SiH and C,H,;SiHCl,, the picture changes a 
little, The increased a,c, and smaller energy of the Si— H bond for (CH3XC,HsXC1)siH (compared to Cl,SiH and 
C,H,SiHCl,), favor the preferential formation of (CH3XC,HsXCI)Si radicals on the surface, However, this radical 
cannot trap hydrogen atoms so easily from C1,SiH and C,HsSiHCl,, where the hydrogen forms a stable bond with 
the silicon, Therefore, the preferential reaction route of the (CH3XC,HsXCU)Si radical is addition to the multiple 
bond of an unsaturated compound, Thus, in this case, in spite of its increased a.c., (CH;XC,HsXC1)SiH will be 
more likely to undergo addition than Cl,SiH or C,HsSiHCl,. 


The above considerations about the ease of trapping the hydrogen atoms of Si — H bonds by chlorosilane 
radicals, and the unusual chain transfer, are evidently also applicable to the intermediate radicals X,SiCH,CH — R 
(X = Cl, the alkyl group R = CH,OCF,CFC1H), 
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I 745 27,0 28,1 29,1 
Il 748,5 83,4 80,3 84,0° ; 
lll 754 33,0 43,4 36,4 
IV 766 467,8 498,5 495,0° 
Vv 770 86,9 91,8 91,4 
VI 769 114,0 121,2 120 
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SOME ELECTROPHYSICAL PROPERTIES OF POLYMERIC COMPLEXES 
OF TETRACYANOETHYLENE WITH METALS 
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N. G. Matveeva, A. I. Sherle, and N. A. Shurmovskaya 
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(Presented by Academician A, N. Frumkin, August 13, 1960) 
Translated from Doklady Akademii Nauk SSSR, 

Vol, 136, No. 5, pp. 1127-1129, February, 1961 

Original article submitted August 13, 1960 


It was shown earlier that tetracyanoethylene reacts with metallic powders and metal salts to form polymeric 
chelate compounds of azoporphyrin structure [1], The polymeric chelate compounds of tetracyanoethylene and 
metals are not soluble in the usual organic solvents, alkalis, or weak acids, These materials do not melt, with- 
stand many hours of heating at t = 500°, possess interesting magnetic 
properties, and their EPR spectra contain wide (600-800 oersted) 
and narrow peaks, The infusibility and insolubility of these poly- 
meric compounds, as in the case of other polychelate compounds 
(2], make their investigation and treatment difficult, Recently, 
theoretical and practical interest has developed in methods of ob- 
taining coatings and plastics based on the polymeric chelates of 


Fig. 1. Infrared spectrum of the poly- tetracyanoethylene and its mixtures with di- and tetranitriles [3]. 
chelate complex of copper. 
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The present work contains results of an investigation on the 
electrophysical properties of layers of polymeric chelate compounds 
of tetracyanoethylene, chemically bonded to metals, which are obtained by treating the surface of metal laminas 
(copper, iron, nickel, and a series of different metals) with tetracyanoethylene vapor, 


The metal laminas, which have been degreased and in some cases electropolished and scoured as well, are 
placed in a vessel with tetracyanoethylene, and the vessel is then evacuated to 1075 mm Hg. Reaction is carried 


out between 150-400° for 5-20 hours and results in the formation of a film of polymeric complex stably bound to 
the metal surface, 


The samples so obtained were subjected to further investigations without additional treatment, The thick- 
ness of the film was determined from the specific weight of polymer and the weight of the film, In experiments 
with iron, the thickness of the film of polymeric complex was 5 * 10°§ to 3°10 Sem » depending on the condi- 
tions of treatment. The films obtained are extremely difficult to ignite,and consequently the microanalytical 
data give rather low carbon contents, Thus, for the polychelate complex of copper, 


Found %, C 43.66, Cu 20.62 
Calculated %: C 45.66, Cu 19.88. 


The infrared spectrum of the film* obtained on copper (Fig. 1) showed complete absence of any absorption 
maxima in the region 800-2300 cm™?, which indicates a “parquet-formation” structure of the polymer obtained, 
and which can probably be represented by the following: 


The electrophysical properties of the films were studied by means of a bridge of variable current with a 
capacity in parallel and a resistance,in the range 200 to 200,000 cps. 


Mercury was poured into a test tube which had a thin section at 
the end with two wires sealed in, One wire was attached to the lamina 
which was covered by the polymeric complex and immersed in mer- 
cury, and the other connected the mercury contact with the measuring 
device, Thus, the film of the polymeric complex acted as the dielec- 


tric of a condenser whose coatings were the metallic lamina and the 
mercury. 


Measurements were made at 10°° mm Hg. The presence of air 
usually changed the results; this will be investigated separately. 


25 40, 45 40 

Fig. 2, Dependence of the specific i Specific ei and capacity of the polymeric a 
conductivity on the seciprocal of ms were measured with respect to temperature, duration fe) eating, 
the sane tens Mealy and method of treatment of the surface of the metal. With heating of 

‘ ¢ the iron plates in tetracyanoethylene vapor at 250° over 3 hr, the film 

mec eee ee of the polymeric complex became comparatively thin (3 - 107° cm), 

with a specific conductivity of about 3 - 10°? ohm™ - the value 
of the effective dielectric constant at 3000 cps, calculated from the 
formula for a flat condenser, was 7. During heating of the plates under 

the same conditions over 3 hr, their specific conductivity increased to 3° 10°* ohm™!+cm™!, and the value of the 
effective dielectric constant increased to 36, Change of the temperature of treatment of the films from 250 to 
450°, but with the same duration (10 hr)* * resulted in increase of specific conductivity from 5 - 10°® to 5-107 


ohm™! +cm™?; values of the effective dielectric constant reached 70, From the sign of the thermo-emf it follows 
that the films have a p-type conductivity. 


Figure 2 shows the dependence of the specific conductivity on the reciprocal of the temperature for a film 
of polymeric complex on iron. The measurements were made in the range —40 to +220°. Two linear sections can 
clearly be seen on the curve. The first section, in the temperature range —40 to +30°, corresponds to an activation 
energy of 0.07 to 0.12 ev and the second, from 30 to 250°, to an activation energy of 0.21 to 0.28 ev. The ob- 


* The authors would like to thank Yu. Sh. Moshkovskii and N, D. Kostrova for recording the infrared spectra, 
** As in original — Publisher. 
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Fig. 3, Dependence of the effective 
dielectric permeability (1) and re- (2) and resistance (1) of a polymeric 


sistance (2) on the logarithm of the complex film on the superimposed 


frequency for a film of polymeric constant voltage (on air-oxidized 
complex on scoured iron;250°, 10 hr. iron);250°, 20 hr. 


Fig. 4. Dependence of the capacity 


served dependence of the logarithm of the specific conductivity on the reciprocal of the temperature is analogous 
to the case of semiconductors with intermediate conductivity. 


We also measured the dependence of the effective dielectric permeability and resistance of the samples on 
the logarithm of the frequency of the alternating current in the region 400 to 200,000 cps (see Fig. 3). It should 


be noted that the capacity and resistance of the samples decrease on superposition of a constant voltage, as can 
be seen from Fig. 4. 


An interesting result which was obtained with plastics covered by a film of polymeric complex should al- 
so be pointed out, On passing a constant current through an alcoholic soiution of copper sulfate, copper is deposited 
on a polymeric film (obtained on an iron lamina), and is held firmly to the surface of the complex, The com- 


paratively high values of the effective dielectric constants suggest that we have possibly been dealing with po- 
larized “conducting” macromolecules, 


For a final explanation of the nature of the electrophysical properties of these films, particularly the possible 
role of heterogeneous structures, measurements of the effective dielectric constant of the complex should be car- 
ried out at higher frequencies, and preparations are being made at present to do this, 


We would like to thank Academician A, N, Frumkin for his interest in the work and for his help during it. 
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The efficiency of oxidation of low molecular weight hydrocarbon gases in the liquid phase [1,2] attracted 
interest to the use of inert solvents, which would allow the liquid-phase system to be maintained at increased 
temperatures, and at the same time give a high reaction rate, 
For the oxidation process of liquefied butane, acetic acid, 
which is the main reaction product, can be used as a solvent 
(3,4]. 


The present work deals with an investigation of the oxi- 
dation of butane in benzene, during which the unusual kinetic 
Q2 04 06 08y behavior of this solvent was established. It appeared that the 
reaction rate and maximum formation of products of the liquid- 
phase oxidation of butane in benzene depended on the ratio of 
the concentrations of butane and benzene, y = [RH]/[CgHg]. 
This relation was clearly of a critical nature, i.e., there was a 
value of the ratio [RH]/[CgHg] = Yer below which the oxidation 
of butane did not occur at all, and above which the usual auto- 
catalytic reaction developed, The experiments were carried 
0 r 0 i6 nh out in a special autoclave, adapted for oxidation of liquified 
hydrocarbon gases [2]. In order to accelerate the process (to 
decrease the induction period), some cobalt stearate (0,04 
mole% of initial butane) was used, The course of the oxidation 
was controlled in accordance with the kinetic curve for the 
of 50 atm: a) Yin = 0.4; b) Yin = 0.49; formation of the main reaction products, acetic acid and 
C) Yin = 0.61; d) ¥jn = 0.92. II) Relation methyl ethyl ketone, and similarly for the intermediate pro- 
between the amount of acetic acid formed duct, the hydroperoxide of n-butane, 
Fig. 1,1 contains the kinetic curves for the formation of 
conditions, II) Variation of y with the 
reaction time at 170° and 50 atm peesure, — acid during oxidation of liquid butane in benzene at 
170° and 50 atm pressure and illustrates the critical nature of 
the benzene concentration, 


Fig. 1. I) Kinetic curves for formation of 
acetic acid during oxidation of liquefied 
butane in benzene at 170° and a pressure 


It can be seen that the formation of acetic acid decreases with increasing amount of benzene in the initial 
mixture down to a value of y = 0.40, when the reaction stops completely, This effect is shown graphically in 
Fig, 1, II, which shows the dependence of the amount of acetic acid formed after 2 hr reaction ony. An in- 
significant change in the value of y near to Yc = 0.40 results in a sudden transition from complete absence of 
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Fig. 2, Introduction of butane and benzene 
during the course of the reaction at 170° 
and 50 atm pressure. 1) Kinetic curve for 
the formation of acetic acid at jn = 0.92, 
transferred from Fig. 11. The points repre- 
sent the kinetics of formation of acetic 
acid, starting at the moment of addition of 
butane up to y = 0,92 to a mixture with 
Yin = 9.40, which had been kept in the 
vessel: a) 0.5 hr; b) 1.5 hr; c) 2.5 hr; d) 
4 br. 2) Curve for formation of acetic acid 
during addition to mixtures with yj, = 0.92 
of fresh benzene up to y = 0.40, The point 
at which the benzene was added is marked 
with an arrow, 


reaction to oxidation of butane at a considerable rate, It can 
easily be seen that under these conditions if a mixture with 

Y > 0.40 is taken for the experiment the reaction will go so 
long as Y does not reach Y¢, = 0.40 during the course of the 
process, With the help of gas chromatography, we followed 

the reaction until the butane had been used up, and actually 
observed cessation of the process as soon as the value of y had 
decreased to 0.4 (Fig. 1,01). By beginning with yjp = 0.92, 
and artificially decreasing y to Yo, in the course of the reac- 
tion by adding fresh benzene, we also observed complete cessa- 
tion of the process (Fig, 2, Curve 2), One other series of ex- 
periments was also carried out, Into the reaction vessel, in 
which a mixture of butane and benzene with y= Yo, had been 
kept under the reaction conditions for a long time, fresh bu- 
tane was added until y> Yo. The oxidation reaction of bu- 
tane started immediately, The time the mixture had been 
kept under the conditions of "no reaction" had absolutely no 
effect on the nature of the kinetic curves after the mixture 

had been diluted with butane (different points on Curve 1, 

Fig. 2). These experiments show that the observed kinetic ef- 
fects are closely linked with the presence of benzene in a spe- 
cific concentration, but without formation of any of its con- 
version products (for example, phenol), The benzene molecules 
evidently react with peroxide radicals RO), forming a new com- 
plex radical [CgHgRO,]", which is considerably less active than 
RO3, and hence incapable of extending the chain further, Thus, 
the interaction of benzene with RO, is essentially a chain- 
breaking reaction, and the concurrence of this reaction with 
that of hydroperoxide formation has a bearing on the principal 
phenomena which we observed during the oxidation of butane 
in benzene, 


For a theoretical consideration of the mechanism of the process, we will introduce the formation of the 
complex radical [CgHgRO,]}" into the universally adopted scheme of liquid-phase oxidation, as the sole chain 
termination reaction (we are neglecting quadratic branching RO2 + RO3). 


RO, -++ RH RO,H + R° — continuation of chain, 
RO,H =» RO, — chain branching, 


RO, + CH, [C,H,RO,] — chain termination. 


Here RH represents butane, If the concentration of butane is assumed to remain constant (in the early stages of 
the process), this scheme yields the two linear differential equations: 


d 
dt 


d [RO,] 


ky [RH] — ky [ROH], (1) 


di Wo Ry [ROG] [Cog] + [ROH], 


(2) 


where Wp is the rate of formation of the radicals, Assuming the concentration of radicals [RO3] to be stationary, 


and solving the two equations, we optain 


kg [CoH] 
he 


exp — 1) — (3) 
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It follows from Eq. (3) that when t - oo, the value of [RO,H] tends to a constant value when —* Kg (CoH) 1, and 


[RH] 
Kg 
increases when ke (RH] <1, 

Thus, the relation ee om Hel is the condition for the transition from a slowly developing process to a rapid 
autoaccelerated one, The formation of complex radicals of the type [CgHgRO,]}° has also been assumed by other 
workers, for example, in the investigation of the photochlorination reaction of 2,3-dimethylbutane in organic 
solvents [5], the reaction of triphenylmethyl radicals with a series of benzene derivatives [6], the polymerization 
reaction of styrene in bromobenzene [7], the decomposition reaction of di-tertiary-butyl peroxide in cyclohexane 
in the presence of benzene and chlorobenzene [8], the decomposition reaction of benzoyl peroxide in benzene [9], 
in the EPR investigation of radicals formed during the radiolysis of benzene and its derivatives [10], and others, 
However, the kinetic characteristics of the elementary reaction of formation of the complex radical could not be 
obtained from the materials used in these investigations, The results of this present work make it possible to 
evaluate, to the first approximation, the activation energy for the reaction of the radicals with benzene, We de- 
termined experimentally the values of kp/k, = 1/y cr 2t different temperatures: 


T,€ 170 145 140 


te 0.40 0.69 0.78 


From the dependence of 1g(k,/k,) on 1/ T, the difference in activation energy between the chain continuation 
reaction and the complex radical formation reaction was found: E,— E, = 9.0 kcal/ mole, Taking the value E, = 
= 11.5 kcal/ mole (by analogy with the oxidation reaction of n-decane [11]), we obtain a value for Ey approxi- 
mately equal to 2,5 kcal/ mole, i.e., a very probable value for a direct addition reaction of radicals to molecules, 
The experimental determination of the value of E, for the liquid-phase oxidation of butane will enable us in the 
future to determine the value of E, more accurately, 
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In connection with the hypothetical scheme proposed [1] for the mechanism of the dehydration of a silica 
surface , attempts were made [2,3] to determine more accurately the composition of the products liberated during 

its thermal treatment, In one study [3] it was found that during the heating of crystalline quartz powders there 

is liberated in some cases, in addition to waterand CO, a combustible gas, not frozen by liquid air,which be- 
cause of this feature was identified as hydrogen, The quantity of hydrogen determined /n this way, varied for dif- 
ferent samples of quartz from 10-40% of the quantity of water liberated, One author [4], on repetition of these 
experiments, also observed the liberation of hydrogen, both from the original quartz powder and after its rehydra- 
tion, On the assumption that in naturally occurring quartz crystals there may exist free occluded hydrogen, the 
author [4] attributed the hydrogen liberated from the rehydrated sample as due to dissociation of surface —OH groups. 


It was shown earlier [5] that a silica surface, through thermal dehydration, possesses oxidizing properties, 
i.e., it contains some excess oxygen atoms over and above the stoichiometric ratio, In order to establish the nature 
and mechanism of formation of these centers, it was necessary to undertake a detailed investigation of the com- 
position of the gaseous phase which is formed during thermal dehydration of silica, as well as of the properties re- 
sulting at this dehydrated surface, For solution of the first problem, a very convenient method proved to be mass- 
spectral analysis [6,7]. As a consequence of the detailed investigation of the dehydration products of a number 
of samples of amorphous and crystalline silica, we established that liberation of H, does not occur in appreciable 


quantities, The suggestion was made [7] that the authors of the works [2,3] had observed the liberation not of H,, 
but mainly of CO,which originated from organic impurities, 


During the dehydration of several varieties of a crystalline quartz powder and silica gel, instead of H, we 
unexpectedly detected the liberation of molecular oxygen [6], This process had two maxima depending on temp- 
erature: in the medium temperature range (500-550°) and in the high temperature range (900-950°), The origin 
of the oxygen liberated at medium temperatures was easily established, It appeared as a consequence of the treat- 
ment of the silicas with HNO; fumes, which was usually carried out with complete purification of the surface from 
organic impurities, Obviously, some quantity of nitric oxide becomes attached during this, forming comparatively 
stable bonds with the silica surface [8]. As for the liberation of O, at high temperatures (2nd maximum), when the 
main part of the “structural” water has already been removed, it was assumed that the oxygen was organically 
bound to the surface of the silica, and that the process of its liberation could be considered as reflecting some 
transformations of the surface in question, For this reason, the term “structural” oxygen was introduced [6]. How- 
ever, it was emphasized that a straight-line relation apparently did not occur between the quantity of structural 
water contained in the silica and the quantity of O, liberated at high temperatures, 


Regarding the liberation of O2, one sample of silica gel (K2) behaved in an unusual way; it had been pre- 
pared under laboratory conditions by hydrolysis of SiCl, with maximum observance of purity and carefulness of 
operation, and, apart from protracted washing out with redistilled water, it was not subjected to any additional 


purification, Mass-spectral investigation of the dehydration products of this sample revealed the absence of ap- 
preciable amounts of O, and Hp. 


Thus, the data obtained up to now proved to be contradictory: For different preparations of silica, depend- 
ing on the methods of their preparation, purification, and investigation, in certain cases [2,3] the liberation of 
O, was observed; in others, the absence of H, and the presence of O, [6,7]; and finally, practically complete ab- 
sence of either (silica gel K2), Liberation of O, during thermal treatment of silicas fails to agree with the silica 
surface acquiring oxidizing properties during this treatment [5]. It is necessary to point out that in [2-4] libera- 


tion of hydrogen from silica gels was not observed, and it is only from crystalline silica that H, not originating 
from the surface can be detected, 


Clarification of all these points was obtained as a result of additional experiments involving mass- analysis 
of the dehydration products of silica, while varying the conditions of their preparation and treatment, In parti- 
cular, it seemed necessary to establish that liberation of Hg, if it occurs, is not prevented by treatment of the 
silica with HNO,, New mass-analysis experiments were conducted using an external heating system [7], but with- 
out freezing out the H,O vapors during passage into the mass spectrometer, in order to determine the relative con- 
tent of other components in the gas separation with respect to H,O. 


A freshly prepared sample of silica gel, type K2, in the purest state possible, was studied both without 
further treatment and with HNO, treatment. In both cases, in the mass-spectrum, a small amount of Hz was noted, 
1-2% with respect to the liberated H,O, which was independent of temperature. In the first case, O. was com- 
pletely absent over the whole temperature range,and in the second case, as earlier in similar cases [7], the libera- 
tion of some quantity of O, and NO was observed in the medium temperature range, It may be noted that in 
previous experiments [7] with other varieties of silica gel, and with quartz powders liberating O,, hydrogen ap- 
peared in the mass-spectrum when the water vapors were not frozen out, The value of the ratio of the ion cur- 
rents of Hy and H,O always remained approximately the same, varying within the limits 1-3%, This obviously 
signifies that in the experiments mentioned the so-called "fragmentary hydrogen® was observed, which arises 
through breakdown of the molecules by electron collision in the ion source of the mass-spectrometer, By special 
experiments with pure water vapor introduced from the heating system into the mass spectrometer, with an in- 
variable working procedure of the latter, it was established that the ratio H; / H,O* also had, in this case, a value 


practically coincident with that indicated above, Thus, the absence of H, in the dehydration products of silica 
gels was definitely confirmed, 


One crystalline silica investigated was the powder of rock crystal with specific surface area 1,5 m*/g, ob- 
tained by pulverizing large crystals under water in a porcelain mortar, In this instance, mass-analysis of the gases 
from dehydration of the powder showed the liberation of significant amounts of He, rapidly increasing with the 
elevation of the temperature of heating (at 1000° the ratio H}/ H,O* was around 200%), Liberation of O, was not 
observed, This powder liberated Hy, also after treatment with nitric acid, although to a lesser degree. 


More detailed investigation of the liberation of H, from the powder of rock crystal (without HNO; treatment) 
was conducted with exactly the same sample of material, which was subjected to heating up to 1000-1100° four 
times at one or two-day intervals, During this time, the sample was either rehydrated or left under vacuum, It 
appeared that hydrogen was liberated during each period of heating the powder, independently of hydration of its 
surface, The amount of H, liberated in each subsequent experiment (both in absolute quantity and in ratio with 
H,O) invariably decreased in proportion to the increase of total duration of heating (see figure), The phenomenon 
proceeded in a way which indicated that the hydrogen liberated during heating of the quartz powder did not ori- 
ginate from the surface, but had been dissolved in the lattice of the naturally occurring crystals of the mineral, 
This assumption was confirmed very simply, The same quantity of sample was taken from the same batch of rock 
crystal in the form of large lumps, with a total surface area approximately 10* times less than the surface area of 
the fine powder, During heating of these lumps, mass-analysis showed the presence of Hz in an amount close to 
that observed for the fine powder, During a second heating (without rehydration) there was again recorded a 
marked liberation of Hz, although in smaller amounts (see figure), 


Thus, it may be considered certain that in all cases of liberation of H, from crystalline silica [2-4] the 
observations related to a volume of evolved hydrogen, liberation of which was not connected with the surface 
hydroxyl layer, At the same time, some part of the nonfrozen combustible gas apparently was CO, since mass- 
analysis invariably showed its presence among the dehydration components of all silica, 
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Expt. No. 


Intensity of liberation of H, from the powder (1) 
and from large lumps (2) of rock crystal (in 
conventional units) related to the duration of 
heating (number of consecutive experiments) at 
1000°, Expt. No. 1) Original condition; 2) 
powder after a second hydration (large crystals 
without rehydration); 3) powder without pre- 


vious rehydration; 4) powder after a third hy- 
dration, 


a) 


the scheme or not, cannot possess the oxidizing properties discovered earlier [5] for samples of silica gel heated 
in air, From this point of view, the cause of the appearance of oxidizing properties of the silica surface was natu- 
rally sought in the interaction of atmospheric oxygen with the dehydrated section, In this connection, we attempted 


The origin of the oxygen liberated during heating 
of some silica samples in the high-temperature range [6,7] 
remained unexplained, Since the liberation of O, did not 
occur from the purest silica gel K2, nor from rock crystal 
powder prepared in the laboratory and not subject to ad- 
ditional purification, the assumption was made that this 
phenomenon was caused by breakdown during heating of 
some impurities, the removal of which was not successful 
even by means of very careful purification, Such impuri- 
ties might be iron oxide, Fe,O,, and others which get into 
the crystalline quartz powder and into the technical silica 
gel during the process of their preparation, 


In order to verify this assumption, the sample of 
pure silica gel (K2) from which the liberation of O, was 
not observed was rendered impure by immersion in a 
FeCl, solution and subsequently washed until there was 


no further reaction for chloride, Subsequent mass-spectral _ 


investigation of the dehydration of this sample showed the 
liberation of O, in appreciable amounts, starting at 800° 
and above, i.e., in the region of the second maximum, 


NO and H, were not detected. Thus, the liberation of O, on heating silica at high temperatures was shown to re- 
sult from the breakdown of the iron oxide impurity, 


The investigations carried out show that during thermal decomposition of the surface of hydrated silica 


only water is liberated, i.e., on the surface, centers are formed in equivalent amount, Such a surface, irrespective 
of whether the centers join up to form radicals according to 


to detect the formation of active forms of oxygen during contact of atmospheric air with the silica surface at high 
temperatures, The experiment was carried out in the following way: A stream of purified air was passed across 
the sample in a quartz tube set in a furnace, and then across a solution of KI, For silica gel treated with HNO 
vapors at furnace temperatures of 400-500", liberation of I, was observed, which could be inferred as due to oxides 
of nitrogen, in agreement with the data of the mass-spectral analysis, For all rehydrated samples of pure silica 
gel and quartz up to temperatures of 900°, liberation of I, from the KI solution was not detected, 


The formation of a surface possessing oxidizing properties must arise through interaction of atmospheric 
oxygen with the centers (II) and formation of the centers (I), In order to exclude the possible chemisorption of 
atmospheric oxygen, experiments were carried out on dehydrated silica gel under high vacuum, The silica gel 
was heated in a quartz ampoule connected with a glass collar, to which was fused an ampoule containing a KI 
solution previously deaerated in vacuum, The silica gel, heated at 700° and then cooled, was drenched with the 
solution of KI by breaking the glass diaphragm separating the solution from the silica gel, The silica gel im- 
mersed in the KI solution was withdrawn from the ampoule, and the liberated I, was back-titrated with a hypo- 
sulfite solution, These experiments showed that the silica gel surface dehydrated under vacuum 4s well as in air, 
possessed oxidizing properties, The oxidizing properties of the investigated sample were on an average 1 * 107? 
Hequiv/m*, Thus, the oxidizing properties of the silica surface are not related to chemisorption of oxygen. 
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Corresponding to the best screening of Si**, as indicated in [9], oxygen atoms must be present on the silica surface, 
From this viewpoint, the centers (II) appear to be unstable forms, As noted earlier [5], the majority of the centers 
(I) and (II) self-unite, forming strained regions of the siloxane surface. However, isolated, incomplete SiO} tetra- 
hedra (II) apparently change orientation, so that oxygen atoms appear on the surface. This leads to a manifesta- 
tion of oxidizing properties of the dehydrated silica surface, and also to the formation of space defects. 
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The electroconductivity-temperature relationship of the recently obtained semiconducting polymers based 
on polyacrylonitrile and polyvinylchloride has an exponential character 


SEA RT (1) 
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Fig. 2. Differential thermoelectromotive 
force-te mperature relationship for the 
same samples of polyacrylonitrile as in 
Fig. 1. 


The activation energies AE of these materials lie 
in the range 1,7 to 0,18 ev, depending on the nature of 
wnjr~ J the treatment of the original polymer [1,2]. 


, If the usual assumption is made that o = enu, where 
Fig. 1. Electroconductivity-temperature 
7 e is the electronic charge, n is the concentration of cur- 
relationship for some samples of poly- ys = 
; rent Carriers, and u is the mobility of the current carriers, 
acrylonitrile: a) sample No. 1, AE = 
i then such an electroconductivity-temperature relationship 
= 0.18 ev; b) No. 2, AE = 0.26 ev; c) 
2S n can be produced either by an exponential increase of the 
No. 3, AE = 0.32 ev; d) No. 4, AE = 
number of current carriers n, when AE is the width of the 
forbidden band (if the band model is used for consideration 
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of es? +, pti polymers), or by an exponential increase of the mobility of the current carriers u ~ 
~AE/ RT 
“e 


Investigation of the temperature-differential thermoelectromotive force relationship can give the answer 
to the question proposed above, If increase of electroconductivity is dependent on the increase of concentration 
of carriers, then it ought to be accompanied by a decrease of the differential thermoelectromotive force, 


In this case, following the band theory, 
k AE 


where A is a coefficient nearly independent of temperature, If the concentration of carriers is not dependent on 
temperature, the thermoelectromotive force ought to increase logarithmically with increase of temperature [3]. 
In Fig. 1 are shown the temperature-conductivity relationships of some samples of polyacrylonitrile, In Fig. 2 
are shown the temperature-thermoelectromotive force relationships of these same samples,* In Fig. 2 are shown, 
for comparison, the lines of the theoretical temperature-thermoelectromotive force relationships which were 
plotted on the basis of formula (2) for AE = 0.18 ev (dotted line) and AE = 0,51 ev (dot-dash line), 


From the figures it is clear that the thermoelectromotive force in general changes little, or not at all, with 
temperature, 


From this, it appears that the conclusion can be made that the temperature-conductivity relationship of the 
materials investigated is determined in the main by an exponential increase of the mobility of the current car- 
riers with temperature, 
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*For samples 3, 4, and 5, the integral thermoelectromotive force was measured as a function of the temperature 
gradient by the method of charged condensers, In the figure is shown the differential thermoelectromotive force 
obtained by differentiation of the experimental relationship. 
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Solubilized systems are formed during manufacture of synthetic detergents, alkaline purification of petro- 
leum fractions, emulsion polymerization of monomers, and in other branches of industry, Insufficient study of 
the different factors affecting the processes of solubilization and desolubilization prevents development of the 

theoretical basis of the breaking-down of solubilized 

systems into the separate components and industrial 

mole/ mole preparation of pure surface-active agents, Solubiliza- 

tion and desolubilization appear to be the least-studied 
problem of colloid chemistry, Investigation of solu- 
bilization has been the subject of a small amount of 
work [1-5], but apparently desolubilization has not yet 
been studied. 


In the process of solubilization, the hydrocarbons 
become disposed in the oleophilic region of the mi- 
celle [1,2]. Desolubilization of them is possible through 
Alcohol concentration 
the oleophilic properties of the detergent solutions, 
Fig. 1. Effect of ethylene glycol (1) and glycerine This assumption was confirmed by investigation of the 
(2) on the solubilization of toluene in 0.3 M solu- desolubilization of hydrocarbons from aqueous solutions 
tions of potassium laurate (at 60°), of naphthenic acid soaps and potassium laurate, Low 
molecular organic compounds containing oxygen were 
used as desolubilizers; aliphatic alcohols, glycols, glycerine, formalin, dioxane, and others, In a solution con- 
taining soap at the most critical concentration for micelle formation [6], the maximum quantity of hydrocarbon 
was solubilized by the method described earlier [7]. A measured amount of this solution was then transferred to 
the apparatus, the calculated amount of desolubilizer was added, and the separation of the solubilized hydrocar- 
bon as a separate phase in the graduated tube of the apparatus was observed, Experimental data are presented in 
Figs, 1-4, 


Addition of increasing amounts of glycol and glycerine to a 0.3 M solution of sodium laurate reduces its 
solubilizing capacity with respect to toluene, the desolubilizing action of glycerine being greater than that of 
glycol (Fig. 1), Aliphatic alcohols show a complex effect on solubilization of hydrocarbons in detergent solutions, 
depending on the length of their hydrocarbon chain: If of low molecular weight, they reduce; if of high mole- 
cular weight, they increase the solubilization, Thus, for example, from Fig. 2 it is seen that amyl and butyl al- 
cohols sharply increase, but ethyl and methyl alcohols decrease the solubilization of n-heptane in 0.3°M solutions 
of sodium naphthenate (mol, wt, 297), Propyl alcohol possesses intermediate properties, Small additions of pro- 
panol considerably decrease the solubilization, but with a concentration of more than 15 moles per mole of soap, 
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*Cf. note on page 164. 
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Fig. 2. Effect of aliphatic alcohols on the solu- 
bilization of n-heptane in 0.1°M sodium naph- 
thenate solution: 1) n-amyl alcohol; 2) n-butyl 
alcohol; 3) ethyl alcohol; 4) methyl alcohol. 
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Fig. 3. Effect of addition of acetone (1) 

and dioxane (2) on the solubilization of 

toluene in 0.3 M sodium naphthenate 

solution (mol, wt, 297) at 40°, 


the solubilization noticeably increases, Acetone and 
dioxane proved to be more effective desolubilizers than 
low molecular weight alcohols. By addition of approxi- 
mately 3 mole/ liter of dioxane to an 0.3 M sodium 
naphthenate solution, its solubilizing capacity is de- 
creased nearly 2,3 times (Fig. 3). 


In view of the importance of desolubilization in 
the purification of naphthenic acids from the unsaponi- 
fied impurities, the system sodium naphthenate— heptane— 
acetone— water was systematically investigated. From 
the experimental data given in Fig. 4 it is seen that 
with increasing additions of acetone the solubilization 
of heptane in 0.3 M sodium naphthenate (mol, wt. 334) 
solution sharply decreases, and at an acetone concentra- 
tion of approximately 3,0-3,5 mole/liter the curve 
passes through a minimum, Further increase in the ace- 
tone concentration of the system increases the absorption 
of heptane into the volume of the solution, An analo- 
gous regularity was observed for mixtures of sodium soaps 
of naphthenic acids, A particularly sharp decrease of 
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Fig. 4. Effect of addition of acetone on the 
solubilization of heptane in 0.3 M sodium 
naphthenate solution (mol, wt, 334), 


solubilization of hydrocarbons was observed by introduction into the soap solution of 1,5-2,0 mole/ liter of ace- 
tone and dioxane, It was found that high molecular weight hydrocarbon impurities were completely desolubilized 


in the presence of low-boiling hydrocarbons, 


Based on the experimental data obtained, there was developed a technique for the separation of hydrocarbon 
impurities from solutions of naphthenic acid soaps by a desolubilization method, as follows: Technical naphthenic 
acids containing hydrocarbon impurities were dissolved in petroleum ether, to which was added acetone and the 
equivalent amount of aqueous alkali necessary for obtaining the naphthenic acid soaps, After saponification of 
the naphthenic acids, the system separated into two phases with a clear interface: The upper phase comprised 
petroleum ether containing the unsaponified impurities, and the lower a water-acetone solution of the naphthenic 
acid soaps, The addition of acetone was calculated so that after saponification the aqueous phase content of 
it would be approximately 3 mole/liter, This amount of desolubilizer is sufficient to prevent the formation of 
micellar structures with high oleophilic properties,and sharply decreases the solubilization of the hydrocarbons, 
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It is interesting to note that the desolubilizers also prove to be effective deemulsifiers; this guarantees 
simultaneous separation from detergent solutions of separate phases, with a clear interface, of the solubilized and 
the emulsified portions of the hydrocarbons, The hydrocarbon phase was separated by distillation, The recovered 
petroleum ether can be used repeatedly for dilution of the crude naphthenic acids before saponification, and the 
high-boiling hydrocarbons extracted from the naphthenic acids can be utilized to give consistent greases, emul- 
sols, and other requirements, The sodium soaps of the naphthenic acids were salted out from the water-acetone 
solution by means of a concentrated solution of caustic soda, Through this, a soap was obtained with a 60-62% 
content of naphthenic acids, The “undersoap lye? consisting of the water-acetone solution of caustic soda, was 
reused for saponification of fresh batches of naphthenic acids, Since clear soaps of naphthenic acids with faint 
specific odor are formed, they can be used as independent detergents, emulsifiers, flotation agents, thickeners, 
and for introduction into the formulation of washing agents, The naphthenic acids liberated from the soap by 
mineral acid have a clear yellow color, faint odor, and contain hydrocarbon impurities amounting to 0,6-0.9%, 
The naphthenic acids are high-grade products which in a number of cases can be substituted for fats and fatty 
acids, All operations for purification of naphthenic acids of hydrocarbon impurities were carried out at ordinary 
temperature and with little heating. The possibility of utilization of the acetone, petroleum ether, and alkali 
arising from the salting-out was shown, This permits consideration that the proposed method of purification of 
naphthenic acids by means of desolubilization of hydrocarbon impurities may prove to be effective and economic 
for introduction into practice. The possibility of desolubilization of hydrocarbons from the detergent solutions by 
means of low molecular weight compounds containing oxygen was shown, for example, with potassium laurate 
and sodium naphthenate, 
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Investigation of the stability of a detonation wave (d.w.) is of interest for the explanation of spin detonation, 
As shown in [1],at a discontinuity in the d.w. there is a hypercompression in the region of which the combustion 
of the mixture is accelerated, On the basis of these ideas, qualitative criteria 
were obtained in [2] for a d.w, instability occurring far from detonation limits, 
At the same time, as experiments showed [3], multiple spin develops, In the 


present work, the stability of a d.w, is examined with respect to small perturba- 
tions, 


Let the d.w, be propagated from the right side to the left, and the refer- 
ence system chosen so that the wave front is at rest in, and coincides with the 
plane YOZ,Cartesian system of coordinates, The axis OX coincides with the 
direction of motion of the gas (see Fig. 1), We assume, as in [2], that in the 

Fig. 1. zone of the chemical reaction peak (region 1) all the values remain constant, 
and ata distance L = y,T from the front of the d.w. the reaction proceeds in- 
stantaneously, so that the final condition 2 is reached by a rapid change. In region 2 also we assume the values 
of pe, Pz, V2 are constant, since eventually the gradients of all quantities become as small as desired. For sim- 
plicity, we will assume that the gas is ideal and has a constant specific heat. The isentropicindexesy before the 
reaction (in regions 0 and 1) and after the reaction (region 2) are equal to y , and Y2, respectively, It is con- 


sidered, with no loss of generality, that the perturbations depend only on x, y, t, and that the component of the 
velocity along the axis OZ equals zero, 


By solution of the linearized hydrodynamic equations, in region 1 there will occur a sum of terms of the 
form: A,exp[i(kx + koy ~ wt] (s = 1, 2, 3), where ko is the assigned wave number, w is the unknown natural fre- 
quency, Ag are constants, ky = w /vy, ky and k, are found from the equation 


— w)* — cf (A + = 0. 


Analogously, in region 2, in the solution the terms become: B, = exp[i(qsx + koy — wt] (s = 1, 2, 3), where 
B, are Constants, qy = w/ V2, q2 and qs are found from the equation 


(v2q — — c3 (ko + = 0. 


In the hypercompressed d.w. (v2 < C2). in region 2 the disturbances must be propagated both with the gas 
flow (q = qg), and against the flow (q = q3), The problem consists in finding the values of w, for which a non- 
trivial solution exists with the condition that the amplitude of a wave coming from infinity to the front equals 
zero, By analysis of the stability of a d.w, by the Chapman-Jouguet method, the calculations are not essentially 
changed, Such a statement corresponds to the problem of the passage of a sound wave incident to the d.w., with 
the condition that the amplitude of the incident sound wave reverts to zero, 
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Let €&(y,t) = Ayexp[i(kgy — wt] be the displacement of the front of the shock wave (x = 0); €,(y,t) = 
=A,exp[i(kpy — wt] be the displacement of the reaction front (x = L); A, and A, are constants, The boundary 
conditions for the disturbances at x = 0 and x = L are obtained (similarly to the procedure in [4]) by variation 
of the conditions of continuity of the flow of mass, momentum, energy, and the tangential component of the 
velocity, We shall characterize the kinetic reaction by the lag time T , which depends on the effective values 
of the pressure and temperature in the chemical reaction peak, Let the reaction process in a given molecule of 
gas be described by the equation 


dip/dt = (p; T), (1) 


where ~ is the concentration of one component of the mixture. If in a certain molecule of the gas the reaction 
begins at the moment t and ends at a moment t +T , then, integrating (1), we obtain 


t+r 
= | (2) 


t 


where ~, and ¥, are concentrations of the given component in the original mixture and in the reaction products, 
respectively, We assume that during the presence of the disturbance the reaction proceeds to completion, so 
that variation of }, and ¥, yields zero, Our approximation is in the fact that in the unperturbed motion the 
actual temperature and pressure profile are replaced by the constant values p = py, T = Ty. Instead of (2) there 
will now be ¥.— y= f(p; Ty)tT. For the presence of a disturbance, the expression (2) becomes 


t-+t+1’ 
Yi = f + T1 + dt’. (3) 


Here T ' equals a small change of the lag time due to pressure and temperature perturbations (pj and Tj) in re- 
gion 1, We introduce the expression M= 901n f/%lnp; N= @1n f/ 01nT (the derivatives are chosen for p = py, 
T = T,). Restricting to first-order terms, we find from (2) and (3); 


T’ 
Integration over dt" is made along the path of the given molecule, In the unperturbed motion, the path was the 
line x = vy (t"— t), where ¢ equals the instant at which the molecule passes the front of the shock wave, The 
presence of the disturbances bends the path of the molecule by an amount of first order of magnitude, In the 
calculation of T * this correction can be neglected, During the time fromt tot +T +T * along the axis OX, the 
molecule traverses the path 
t+t++’ t+t 
(= \ (Uy + dt’ > L + + \ v, (5) 


t t 


where vjx is the disturbance of the xth component of the velocity, If the reaction starts in the molecule at the 
instant t at the point €,(t) and ends at the moment t+T +7" at the pointx=L+€,(t+T +T')SL+ 

+ €,(t+7), it is known that for this time from the same starting position €,(t) the molecule traverses the path 
L,ie., € (t)+1 =L+ €,(t+T), Substituting here (4) and (5), we record the expression as: 


t+r 
i 


The integral is taken along the line x = vy(t*— t), Displacement of the molecules along the axis OY can be 
neglected in the linear approximation, Substitution of the derivatives in the boundary expressions leads to a sys- 
tem of 9 linear homogeneous equations, The condition that the determinant of this system equal zero can be 


written 
G;D, = 0, (6) 
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where the symbols introduced are 


+ Ga]: 


)| 
+ 
+¢- 
R,=e*—1, a,=v,ke—o, 
1M +(1—1)N, 


Vo=1/Po, Ve=1/pe, = Povo. 


In the case when the reaction zone is small in comparison with the wavelength of the disturbance (KgL << 
<<1), assuming T = 0, for (6) we obtain: 


Considering the case of a very broad reaction zone (kgL >> 1), we note that in seeking the condition lead- 
ing to instability we assume that Imw > 0. Then, the functions exp [i(k,x + ky — wt)] and exp[i(kgx + koy — wt)], 
respectively, diminish and increase exponentially with the magnitude of coordinate x, Therefore, for kgL >> 1, 
we have |R,] >> |R,| and >> |D2|.For (6) we obtain G, = 0, i-e., 


Equations (9) and (10) are of the same form as the characteristic equation which S, P, D'yakov [4] obtained. 
By using his result, we found that in the two limiting cases considered the d.w, was stable, Instability can only 
appear for kgL ~ 1, which, however, is obvious. 


Let w = 0 for kj =x. It can be shown that « will be real under the condition 


s 
E 
s 
® Fy F, 
E; (u 4 = (7) 
1 
F, = 
E = iowt (= 
Ya \ Ua 
Fy ( V1 
h 
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If now in Eq. (6) a power expansion of w and kj—« is made, then in the vicinity of the point ky =x, 
the value Q= —iw will be positive. Thus, the expression (11) appears sufficient, provided that the hypercom- 
pressed d.w, was unstable, 


We consider a dw, by the Chapman-Jouguet method: v2 = c,. For simplicity, we will assume that pp = 0; 
Y¥1=Y¥2=(h+1)/h-1), Then Eq, (6) takes the form: 


(tly — Ug)B -++- — Dy = 0. (12) 


where 


— 1) (h 4-2) 
+ 2N) we. 


R, =e _ 1, s = 2,3, w = Qlkov,, & = Rovrt, 
= [| —wtV(h + 1) (A + w*)I/h- 


w?), 


(13) 


We designate the left-hand side of Eq. (12) by F(w); then F(0) > 0, F(1) is bounded, For w-> +00, Rg >> 
>> R, >> 1; therefore, if 


(A + 3) (A + 1 4+ —1)(h +2), we 


then F (+00) < 0, i.e., Eq. (12) will have a root w > 0, Thus, the expression (14) appears sufficient for instability 
of the d.w. by the Chapman-Jouguet method, We note that in the example quoted in [2] expression (14) results 


in the inequality 4,80 > 2,17. Thus, in the specified case, the d.w, was unstable, which confirms the conclusion 
of K. I. Shchelkin, 


For a more detailed investigation of the characteristic of Eq. (6), a numerical method is necessary, This 
task is lightened by the fact that Eq. (6) can be solved for the parameter N (or M). Then, by employing the 
complex number w along a certain contour, the value may be sought for which N(w) becomes real (positive), 


In conclusion, I offer my thanks to Academician Ya, B. Zel'dovich for suggesting the topic, and for his 
constant interest in the work, 
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THE STEADY-STATE POTENTIALS OF ZINC AND ZINC AMALGAM 
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The electrode potential established at a metal — solution interfacein the absence of an external polarizing 
current is determined by the electrode processes taking place at the electrode under consideration [1,2], It was 
shown by A. N, Frumkin [1] that when metals dissolve (with the evolution of hydrogen) in acidic electrolytes 
the potentials obtained can be either practically equilibrium values or differ substantially from the equilibrium 
values, depending on the relative rates of the electrode processes occurring on the surface of the metal while 
dissolving. Typical examples of metals which dissolve at nonequilibrium potentials in acidic solutions are iron 
(3) and nickel [4], Their steady-state potentials vary linearly as the logarithm of hydrogen ion concentration in 
the solution, and are independent of the concentration of their own ions, Unlike iron and nickel, such metals 
as lead [5] and cadmium [6] dissolve at practically equilibrium potentials in acidic electrolytes, The difference 
in the behavior of the metals mentioned is due to the fact that in the case of the solution of metals of the first 
group in solutions of their own ions the cathode process occurs primarily due to the discharge of hydrogen ions, 
but in the case of the second group of metals, mainly through the discharge of ions of the metal itself [1,2,7]. 


4 
6 
1 


Fig. 1. Steady-state potential of zinc Fig. 2, Steady-state potential of zinc 
at different H,SO, concentrations: 1) amalgam at different H,SO, concen- 

10°4N; 2)5+°1074N; 3)10°°N; 4) trations: 1)10°°N; 2)10°N; 3)107 
107°N; N; 4)2°10°°N; 5)5°107'N; 6) 1N. 
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TABLE 1 


Steady-State Potentials of Zinc and Zinc Amalgam in Solutions Not Containing Added 


N - 10-1 1,0 
pli 1,74 36 


—0,864 | —0,832 | —0,805 —0,774 


Zn _ 
{ 2mHg) —0,915 | —0,903 | —0,870 | —0,858 | —0,829 | —0,814 


In the present study, the case where the quantities of hydrogen and metal ions participating in the cathode 
process are commensurable is investigated, taking zinc and zinc-amalgam electrodes as samples, According to 
data available in the literature [8,9], the solution of zinc in H,SO, and HC] solutions takes place at a potential 
which is substantially different from the equilibrium value, It was possible to suppose that reduction in the acid 
concentration and increase in the zinc-ion concentration would make it possible to bring about a shift from non- 
equilibrium to practically equilibrium values of the zinc potential, In this connection, sodium sulfate contain- 
ing varying quantities of H,SO, and ZnSO, was used as the electrolyte, The total concentration of H,SO, + NagSO, 
was maintained constant (1N), Polycrystalline zinc containing 1 * 10°“%> impurities* was employed as the ma- 
terial for the electrodes, The salts were recrystallized twice and calcined, and the acid and the water were 
distilled twice, The measurements were carried out in an atmosphere of purified hydrogen at 25°, The elec- 
trode potentials presented in this paper are referred to zero on the hydrogen scale, 


Curves of ¢j—1lg{Zn**], which indicated the relationship between the steady-state potential of the zinc 
electrode and zinc-ion concentration at different H,SO, concentrations, are given in Fig. 1. Zinc concentra- 
tion [Zn* *] is expressed in terms of normality, The curves in Fig. 1 are constructed on the basis of the mean 
values of the potentials observed in the solutions, which were agitated by means of hydrogen, The errors in de- 
termining the potential of the zinc were 0,.5-1 mv when [H,SO4] S 10°* N, and 3-5 mv when [H,SO,] & 107? to 
10°" N, It may be seen from Fig, 1 that a linear relationship between ¢§ and lg[Zn**], corresponding to the 
Nernst equation (Curve 1} is observed at [H,SO,] = 1074 N in a range of [Zn**] concentrations from 3 ° 1073 to 
1*10°'N, The slope of the linear portion of Curve 1 in Fig, 1°is equal to 29 my, i.e., it agrees, within the 
limits of experimental error, with the theoretical value, With increasing acidity of the solution, the ¢3 —lg[Zn**] 
curves deviate progressively further from the linear relationship, In a solution of 0,.1N HgSO, + 0.9N NagSO,, the 
zinc potential was practically independent of the concentration of zinc ions in solution, 


It can be seen from Fig, 2 that the linear relationship between ¢§ and 1g[Zn**],corresponding to the Nernst 
equation,is maintained at much higher H,SO, concentrations in the case of zinc amalgam than in the case of zinc, 


The mean values of the steady-state potentials for zinc and zinc amalgam ¢}5, observed in solutions of dif- 


ferent pH in the absence of added zinc sulfate, are given in Table 1 (the electrolytes were agitated by means of 
hydrogen), 


The ¢j—pH curve, calculated for the zinc electrode on the basis of the data in Table 1, has a linear-por- 
tion with slope 28 mv, which agrees with the data of A, L, Rotinyan, N. P, Fedot*ev, and Li Un Sok [9], who ob- 
tained 6 95/0 pH = 25-30 mv for zinc in 0,01-5N H,SO, solutions, In the case of zinc amalgam, the linear por- 
tion of the ¢j—pH curve was less well defined, 


The increased divergence of the gj — lg {Zn**+] curves from the Nernst equation, which is observed with in- 
creasing acidity of the solution (Figs. 1 and 2), is evidently connected with an increase in the relative import- 
ance of the role of hydrogen ions in the cathode process, At a steady-state potential gj the rate of the cathode 
process, the discharge of hydrogen ions, will be balanced by the difference between the rates of the anode and 
cathode processes, in which zinc atoms and ions participate **: 


* The surfaces of the electrodes were treated with HNO, and then washed with water before the experiments, 
** The normalization a; + 8, = 2 is made in Eq, (1) in line with [10]. Constancy of the activity coefficients of 
the ions and of the ¥ ,-potential is assumed. 
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—aFe'/RT B,Fe /RT /RT 
0 
k, [H*],e =ke ° —k,[Zn**],e 


In Eq. (1), [H*], and [Zn**}, are the concentrations 
of zinc and hydrogen ions at the electrode surface which, 
when a metal dissolves in a solution of its own ions, will, 
generally speaking, be different from the values [H* ]p 
and (Zn**], in the bulk of the solution, Let us assume, 
for the sake of simplification, that [H*], = [H*]) and 
([Zn**}, = [Zn**},. The smaller the rate of solution of 
the electrode, and the higher the intensity of mixing of 


1 


—ig(1—e FAY /RT 


)+ pH the electrolyte, the better this condition is met. 
Fig. 3. Curves 1-3: zinc; Curves 1'-3": zinc The steady-state potential ¢§ will lie to the posi- 
amalgam at different ZnSO, concentrations: tive side of the equilibrium potential ¢» by an amount 
1), 1") 10°3N; 2), 2") 107°N; 3), 3") 1074N, Ag = If the rate of the cathode process, the dis- 


charge of hydrogen ions at an equilibrium potential ¢ 
‘news and concentration [H*]) = 1 is denoted by Ij, then, after 
substituting yj = ¢9 + Ag in Eq. (1), we obtain: 
Drop in Zine Electrode Potential Ag (mv) 


Observed as an Effect of Agitation* 


(H,SO,], N 
[ZnSO,}, 
toe | | where ig is the transference current, corresponding to the 
given zinc-ion concentration [Zn**]). Solving Eq. (2) 
1'0 | 615 | 10/0 | 8'5 with respect to Ag ,we obtain 
Ag = a+ k[lg(1 — + pH], (3) 

where 
* Further increase in the intensity of agitation 2,3RT bof 2,3RT 
of the solution did not change the value of Ag ,. (a+ B;) F (a (4) 


0 
It follows from Eq. (4) that a will be constant when (Zn**] = const and f Ht = const. 


The extent of the validity of the assumption made in the derivation of Eq, (3), that there are no concentra 
tion changes in the layer of solution at the electrode surface, may be assessed in the light of the effect of agita- 
tion in the solution on electrode potential, Experiments performed with zinc amalgam indicated that the elec- 
trode potentials remain practically unchanged in going from agitation of the solution by hydrogen to agitation 
by means of a magnetic stirrer ,* which supports the stated assumption, Similar determinations with the zinc 
electrode indicated that going to a more intense agitation displaces the potential of the zinc electrode in the 
positive direction to values which reached 10mv (see Table 2). A similar effect of electrolyte agitation in the 
Zn/ ZnSO, system was observed by other authors, who interpreted it as concentration polarization with respect to 
hydrogen ions [11]. In connection with the foregoing statements, the experimental test of Eq. (3) was carried out 
taking into account the potential drops Ag,. 


It may be seen from Fig, 3 that basically the experimental data are in good agreement with Eq. (3), the 
derivation of which is based on the theory of retarded discharge. Substantial divergences from the linear relation- 
ship are only observed in the case of the solution of a zine electrode in the most acidic electrolyte investigated 
(0.1N H,SO, + 0.9N NaySO,), Activation of the surface of the solid zinc electrode at the appreciable rate of so- 
lution into a solution of its own ions appeared to be a possible reason for these deviations, The absence of a 
similar effect in the case of the zinc amalgam is a point in favor of this explanation, 


*The small displacements of the potential of zinc amalgam in the negative direction, which do not exceed 1 to 
2 mv, are evidently caused by a slight increase in zinc ion concentration in the layer at the electrode surface, 
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The linear portions of Curves 1-3 in Fig. 3, in agreement with Eq. (3), have practically the same slopes, 
k = 40 my.* On the basis of Eq, (4), we obtain a + 6 = 1,47 for the zinc electrode. Using the value a = 0,5, 
obtained for a zinc cathode in [9], we obtain 6, = 0.97, which agrees with the value 8, = 0,92, obtained in [12] 
from anode oscillograms (b , = 64 mv), Plots 1°-3* in Fig. 3 have slope k = 37 mv. 
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*The value 0¢9/ OpH = 41 mv was obtained for metallic zinc in solutions not containing zinc ions when agitated 
by a magnetic stirrer, 
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The theory of normal gas combustion proposed Dy Ya, B, Zel'dovich and D, A, Frank-Kamenetskii [1,2] 
describes the single process of flame propagation along x coordinates, characterized by the diffusion of one 
limiting initial component and by similarity of the temperature and concentration regimes, in terms of the 
equation 


y dy / dz 4- my — g (z) == 0 


(1) 


at the boundary conditions y(0, 1) = 0; g (0, 1) = 0. Here, m is a dimensionless parameter proportional to com- 
bustion rate; z = (Th— T)/(Tph— To); T is the temperature in plane x; the dimensionless variable y is approxi- 
mately proportional to dT/dx; the subscript b is applied to quantities referring to the combustion products, and 
0 to the initial state; y = 6(a,T)/@ (a9, Tp); @ is the reaction rate, a is the dimensionless concentration of the 
limiting component of the mixture in grams per gram of mixture; the heat capacity and thermal conductivity of 
the mixture are assumed to be constant, 


In the solution of Eq, (1), two approximations are made which sometimes cause some doubt as to the ap- 
plicability of the theory for small activation energies, It is possible to avoid these approximations by numerical 
solution of (1), but this method is not only very laborious but also complicates the analysis of the kinetic laws 
of the reaction occurring in the flame, for which is required a simple analytical relationship between combustion 
rate and the kinetic parameters, 


The exponential character of the temperature dependence of reaction rate leads to the occurrence of a 
sharp maximum in the value of ¢ at T in the region of T}. At some value of z equal to 8 < 1, it is possible to 
calculate with the required accuracy that g #0, This makes it possible to calculate the boundary conditions 


> 


4 


Mmax = -|- 8) and = 


between which lies the value of the parameter m; v is the variable with respect to which the function is inte- 
grated, The smaller the value of 8, the smaller the difference myyax— Mp jin In the limit, both values coin- 
cide, and the integration may be extended over the full range of variation of z, where 


m= (2) 


9 


3 
= 


This approximate expression, to the use of which the first source of error which the theory introduces is due, 
will be more accurate the higher the activation energy A. In order to carry out the integration of (2), the ex- 
ponential term which enters the expression for @ is then resolved into a series by the D, A. Frank-Kamenetskii 
method [3], This represents the second approximation, 


It is assumed that the function # has the form 
== , (3) 


where s is the order of reaction with respect to the limiting component [2], However, it is not the dimensionless 
concentration (partial pressure) which should be inserted in the kinetic equation but the absolute concentration 
pa (p is the density) in order to take into account thermal expansion, This refinement gives 


x 
o@ = (4) 


where k = A/RT), w = (Ty- To)/ The 


Denote 1/(1—- zw)— 1 = p; then 


4 
(Pp) = — pre’, 


1 «/(1—w) 


9 


0 


since w/(1— w) =(Ty— Ty >>1;K >> 1. 


Considering that ¢ # 0 only when 2 << 1, and therefore p << 1, assume that 1/(1 + p? * 1- 2p, whence 


i oo 

\ pr -~2p)e = — [I (5+ (7) 
0 


For integral values of s 


i 
which in all materially important cases will not differ in principle from the simplified solution \o dz = 


0 
= s!/(xw)*' " Making Eq. (3) more precise makes it possible to integrate without resolving the exponential term, 
which basically eliminates one of the approximations. 


We will assess the error introduced by Eq. (2), Introducing the function yo(z) > y(z), determined by the 
condition 


d v2 
Yo = (2), Yo (z) [2\\ ae] (9) 
Substituting in (1) for y (but not for dy/dz) the larger value yo, we find 
dy/dz > 9/y, — m = dyo/dz — m = dy,/dz, 
Yi = Yo— mz +C,, 


where Cy is the constant of integration, At z = 0, yo = 0, ie., Cy = 0. 
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substitute y, for y in (1) in a similar manner: 


upper value of m, Mmax: 


The function y(z) determines the required lower limit of y. In order to determine its upper limit y,, we 


dy/dz < — m = dy,/dz = — mz) — m. 


Since mz << yp in the zone of significant reaction rates, but when this condition is not fulfilled the term 
¢/(yo— mz) 0, the condition 1/(y)— mz) 1/ yo + mz/ ye is valid, This makes it possible to calculate the 


The lower value mpi is obtained from (10*): 


In order to estimate the error of formula (14), the integral 


(5), we write 


20/(1—20) 


dp 


main = Yo(t) = [2\ 


@ (z) 2 dz 


z 


@(v)av 


zw 


Ats=1, 


2 [1 — (4 + zw) ec?) (4 — 20) 


0 


1—wz) dz 


(11) 


(12) 


(14) 


is determined numerically 


for reasonabie values of the kinetic parameters for the reaction occurring in the flame,** Using Eqs, (4) and 


—* 
\ as) 


0 


It will be noted that the error is not introduced into the index of the exponent, 


2 


1 
xw? 22dz 
e™ 


— { — (16) 


(1 — zw)? [2/x? — (2/x3 +- + 


achieved if the appropriate values of m are selected, 


*The approximate solutions for y, and y, must satisfy the boundary conditions of the function y, which is 


**The magnitude of the integral I characterizes the value of z at which the function ¢ can be determined so 
as to give no appreciable error in the determination of the parameter m, 


dy, dy, , m dy 
Integration of (12), taking into consideration the condition y,(1) = 0* gives a 
Yo 
1d 
0 0 
~|1/2 1 ( ) d 
@ (z) zdz 
0 \ (v) dv 
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TABLE 1 The results of calculations of the value of I, given in Table1l, 


inh w=0,85 show that in cases where the reaction order with respect to the 
” limiting component is not higher than one the use of the approxi- 
ond | omt | s=2 
mate theory does not lead to significant errors, right up tox = 10 
7. At th time, the difference bet a 

0,425 | 0,763 0,478] 0.845 to same time rence between Mmax and Mmin 
10 0,226 | 0,423] 0.2641 0.494 does not exceed 25%, Thus, not only can the relationship between 

20 0,111 | 0,214) — -- flame speed and combustion temperature, pressure, and composi- 


tion be described in terms of the equations derived from the ap- 

proximate theory, but the absolute value of uj can as a rule be 
calculated, Only at s = 2 does it lead to appreciable error atk = 10,and in this case it is necessary to use 
numerical integration in order to calculate the absolute values of up *s = 2; however, this apparently arises ex- 
tremely rarely, for example in the flame formed by the decomposition of hydrazine [4]. 


As the refinement (8) reduces mypjn While the true value m > min» by assuming m = s$/(k w) ** two 
errors of opposite sign, which partially cancel each other, are introduced, To illustrate the role of this fact, 
values of m for a series of actual combustion systems (Ty = 293°K, s = 1) which have been obtained by a rigorous 
solution of Eq, (1) by numerical integration are compared in Table 2 with the approximate values mp = s$ /(k w)>*4 


SABLE 2 

Combustion system Tp, °K A. | © m m 

y kcaVmole¢' 
16% CO-+ 84% air 1670 40 ‘254 0,825 | 0,1415 0,1396 
33,8% CO +-20,9% Oz 

++ 45,3%% Ne 2535 40 7,94 0,884 | 0,2013 | 0,1715 
70% -+ 30% Hy 1596 | 34,6 | 10:2 | | 0505663 | 0505561 
N.O (dec.) | 1860 52,0 | 14,2 0,842 | 0,1179 | 0,41150 


For chlorine/ hydrogen mixtures a/ a = z/ 9 (see [2]), where 9 is the ratio of the diffusion coefficient to 
thermal diffusivity, which was calculated by the methods of the theory given in [5], From Table 2 it follows 
that the actual error in the approximate theory does not exceed 17% in the cases considered, Allowance for the 
temperature dependence of the thermal conductivity of the mixture also reduces the error of the approximate 
equation somewhat, If similarity of the temperature and concentration regimes is established 


dH 
(18) 


where \ is the thermal conductivity, c is the heat capacity of the mixture, h is the heat eff»ct of reaction, H = 
T 


dH 
= dT. The substitution n gives 


0 / 


nT} up (Hy — He) Hy) 2 = 0. (19) 


This equation differs from Eq. (1) {in which ¢ is determined by expression (4)} by a stronger temperature 
dependence of the free term, which is equivalent to an increase in the effective value of the parameter k . 


I wish to express my indebtedness to Academician Ya, B, Zel'dovich for his invaluable advice, 
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The data given in [1,2] on the effect of alkali concentration [OH] on oxygen overpotential n at a smooth 
nickel anode are contradictory and cover only low current densities i, The observation made in the discussion 


of [3] regarding the variation of n with variation in the nature of the alkali Kt < Nat < Lit does not give further 
details, 


The conditions of our experiment* were similartothose in [4], except that in our work the electrode was 


not rotated (i = 1 amp/ cm’),and in order to obtain a more 
accurate correction for ohmic voltage drop several salt 
bridges [5], whose apertures were situated at different dis- 
tances from the electrode (galvanic Ni on Pt wire), were 
used, It was established that at i = const the potential 

, varied linearly with this distance, This facilitated extra- 
10; : polation to zero distance, A relationship of this kind was 
somewhat different than that considered in [6], 


asr The investigation was carried out at 25° using care- 

t fully purified KOH, NaOH, and LiOH, The n — lgi curves, 

06} corresponding to the potentials which were established over 
a period of time, were plotted, going from the higher 

a values of i to the lower ones, after anode polarization for 


a period of 24 hr with a current density i = 1 amp/ cm’, 
In concentrated alkali (2,5-7,5 M) this period of time was 


igi 


aig sufficient to reach 0 = const, but in dilute solution ([OH™ JS 
v2 + 0 = 1M), particularly with KOH, further rise of n with time 
Fig. 1. 1 — lgi curves in KOH: 1) 7.5 M; 2) was observed at high values of i (about 1 amp/ cm’) (see 
5.0 M; 2°) 5,0 M, 48 br; 3)3.7_M; 4) 2,2 M; Fig. 1). 
«3 M; 5° , 12 hr; 5") 1.3 M, 48 hr; 
6 In the — Igi curves for KOH and NaOH (Figs, 1 and 


2) at [OH] = 2,0-9.5 M, there are three sections: I) linear 
slope at i = 107> to 107° amp/cm? 
i= to 10°! amp/cm’; Il) linear slope again at i >107* amp/cm*, 


; IL) increasing slope at 


*L, F. Gushchina took part in the experimental part of the work, 


: 
/ 
Se, 


igi(amp/ cm’) 1gi(amp/cm*)-> 

Fig. 2. n — lgi curves for NaOH: 1) 9.5 M; 2) Fig. 3.  — lgi curves for LiOH, KOH, and 

7.5 M; 3) 5,0 M; 4) 2.5 5)1.0 M; 6)0.4M. NaOH: 1)5 MLiOH; 2) 2.5 MLiOH; 3)0.5M 
LiOH; 4) 5 M KOH; 5)5 M NaOH. 


Thus, the occurrence of a wave-shaped polarization curve for a nickel anode [4,7-11,15] is also confirmed 


by an investigation carried out in alkalies of different nature and concentration, and the fact that only two sec~ 
tions of the curve, I and II, were reported in [2] is explained by the use of lower values of i in [2]. 


According to [7-9], the rate-controlling stage for KOH solutions over section I is 


Ni,O, +- 20H ads 2NiO,(Ni,O,) H,O 


201 ~> H,0 + 
having a rate equation 
= const + Re Ini, 


while for section II 
OH” —e—-> OH, 


having a rate equation [12] 


= const + Ing BT in 


F (4) 
The effect of the nature of the alkali on 0 in the ranges of i encountered in sections I and III can be seen 
from Figs, 1-3; at high [OH™] (2-7.5 M), 1 increases in the order Kt < Nat < Lit, which is in agreement with 
[3], but at lower [OH] the pattern changes: Nat < K* < Lit, The fact that the pattern of the effect of the 
nature of the ulkali cation is the same in sections I and II, and is the opposite of that observed with a Pt anode 
{13], confirms the view that it is impossible to explain the effect in question merely by the effect of the cation 
on the structure of the electrical double layer, Most probably, variation of the catalytic properties of the anode 


surface due to penetration into the oxide lattice of alkali metal ions is of dominant importance for an Ni anode 
[3}. 


With change in the nature and concentration of the alkali cation, which produces different effects when 
cations penetrate the oxide lattice, the length of section III (complete surface coverage by NiO, [14]), increases 
in the order Na* < K+ < Li*, so that it is impossible to observe section I in the case of LiOH right down to i = 
=10°° amp/cm? (Fig. 3), Section III is shortened with decrease in [OH ] and increase in the preliminary polari- 
zation period (NaOH, Fig, 2) until it vanishes completely, and a new section, IV, appears (KOH, LiOH, Figs. 1 
and 3), which is also observed with 7.5 M KOH, but at higher values of i [4]. 


y 
10 10 
p 

a) 
or 

(3) 

180 

— 


1g (mole/ liter} 


Fig. 4. 1 — lg{OH™] curves, a)KOH: 
1)i = 1074 amp/cm’; 2) 4-107 
amp/cm*; 3)1073; b) NaOH: 1) 
i= 7°10 5 amp/cm’; 
c) NaOH from n—Igi curves: 1)i = 
= 1074 amp/cm’; 2) 4 +°1074; 3) 
107°; d) LiOH: 1)i=7*°107° amp 
percm’; e) KOH: 1)i = 0,16 amp 
percm’; 2) 0,33; 3) 0.55; f)NaOH: 
1) i = 1-0.35 amp/cm’; 2) 0.70; 3) 
1.05. 


with [1]. 


negative direction, 


v f 
Q95 x x x —3 
Q85 


*It is impossible to draw any definite conclusion for other solutions from 7 — lgi curves (Figs, 1 and 3) regarding 
the relationship between 1 and [OH], as is done in [10], The reason for this apparently lies in the fact that when 


the 1 — lgi relationship is obtained over a long period of time, a change in the state of the anode surface occurs 
as the concentration of the alkali cation changes, 


The relationship between the length of section III and the 
composition of the electrolyte used for the deposition of the nickel 
(15) is also explained, in our view, by a difference in the catalytic 
properties of the anode surface, The authors of [15] explained this 
effect by a change in the true surface area,but as may be seen from 
the data given in [15] a 10- to 100-fold change in the true surface 
area would be required for this, which is hardly possible, 


A point in favor of the hypothesis of alkali cation penetration 
into the oxide lattice is the retarded rise inn at i = const, which 


we also observed when a small quantity of LiOH was added to the 
KOH. 


It may be seen from Fig. 3 that the increase in) with LiOH 
in comparison with NaOH and KOH is significant only when 10% < 
<i< 10 to 10°! amp/cm’, It appears to us to follow from this 
that when an alkali storage battery is charged with a current density 
i > 107! amp/ cm? (square centimeter of effective surface), the ef- 


fect on the capacity of the storage battery of adding LiOH should be 
insignificant, 


The dependence of n on [OH] is presented in Fig. 4, Assum- 
ing that the catalytic properties of the anode surface change slowly 
with cation concentration duc to the slowness of the secondary proc- 
esses, change of oxide concentration and structure, in order to eli- 
minate this effect as far as possible in the study of the n — [OH™] 
relationship we adopted the procedure of diluting the alkali rapidly 
with water at i = const without switching off the current, Before 
these determinations were commenced, constant 7 had been reached 
in the concentrated alkali, 


The complete independence of 7 of [OH™] in the case of 
NaOH over sections I and III follows from Fig. 4. The catalytic ef- 


fect of the Na* ion at low values of i is apparently so slight that the same conclusion can also be drawn from 
the n — lgi curves (see Figs, 2 and 4),* 


In the case of KOH (Fig, 4), the n — lg[OH™] relationship over sections I and II is linear with slope 0,012 
to 0,015 (Fig. 4), while for LiOH the slope over section III is 0,010 (Fig. 4). 


We suggest that the negligible effect of [OH”] on in the case of KOH and LiOH is entirely due to change 
in the catalytic activity of the anode surface with change in (K*] and [Li*], and that n is independent of [OH™] 
over sections I and III for both KOH and LiOH, These data for KOH over section I agree with [2], but do not agree 


The slope of n — lgi for section I, 0,032-0,047 (7,5-0.6 M KOH), and 0,030-0,031 (9,5-0.4 M NaOH), and 
the indepencence of n of [OH] confirm that stage (1), as suggested in [7-9], is the 1ate-controlling stage, 


The slope for section Il of the 7 — lgi curve, 0,090-0,130, corresponds to stage (3) being rate controlling, 
and it must be assumed in order to explain the independence of n of [OH ] that 


4p, const — ar In{OH7], (5) 


although theoretically [12] this relationship is obtained in the case of more dilute solutions, It is possible that 
in this case specific adsorption of OH” ions takes place, which should also displace the ¥, potential in the 
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The validity of Eq. (4) was also confirmed for a completely charged oxide—nickel electrode, but for the 
case of » = 0, i,e., there is an appreciable difference between the behavior of this electrode and the smooth 
nickel anode studied by us, 
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The determination of the relationship between the current I through a growing drop and time t is a con- 
venient method for studying the effect of adsorption on the kinetics of electrode processes, Hitherto, the I-t 
curves for reduction processes, whose rate decreases with the adsorp- 
tion of neutral organic substances and organic cations, have been in- 
vestigated [1-3],* It is known, however, that the rate of some re- 
actions rises sharply on adsorption of cations, Thus, tetrabutylam- 
monium (TBA), tetraamylammonium (TAA), tetrahexylammonium 
(THA), and La** cations increase the rate of reduction of the anions 
S,0% and Fe(CN)3° [5,6]. The cations mentioned are effective at 
such low concentrations C that at these concentrations the quan- 
tity of cations on the surface of the growing drop is determined by 
diffusion [8]. At the same time, the rate of reduction of anions at 

a surface which is completely covered with organic cations in many 
cases remains so high that the rate of the process is limited by dif- 


1 sec fusion of the particles undergoing reduction to the electrode surface, 
Fig. 1. I—t curves for the reduction We have studied the I— t curves for the reduction of $,0%- 
of S,02° in a solution of 107° N and Fe(CN¥% anions at a dropping mercury electrode in the pres- 
KpSOx + 5 * 107° N Na,SO, at ¢ = ence of TBA, TAA, THA, and La** cations, and for the reduction 
=~—1.1linthe presence of [(C4Hg),N Il of the anion prc in the presence of the TAA cation, Measure- 
at the following concentrations: 1) 0; ments of the I — t curves were carried out with the aid of a model 
2)2+10°5N; 3)3+*10°°N; 4) 01 TsLA oscillographic polarograrh [9]. The potentials g are given 
5°107°N; 5)1074N; 6) 107° in volts, referred to the normal calomel electrode. 


In a solution of 107? N K,S,0, + 5 ° 107? N Na,SO, at ¢ = 
== 5» at which value a limiting diffusion current Ig is observed on the I— ¢ curve, the current is proportional 
to t!/6, In the presence of [(C4Hg) NI at different concentrations, the I— t curve does not change at this poten- 
tial, At the potential corresponding to the minimum on the I— ¢ curve, gy = —1,1, the current is proportional to 
v/3 | i,e., it has a purely kinetic character (Fig. 1, 1), I— t curves, measured at y = —1,1 in the presence of TBA 
at various concentrations, are given in Fig. 1. It may be seen from this figure that the initial portions of the 


*Volchkova [4] has studied I— t curves in the case where accelerated reduction of an adsorbed substance occurs, 
However, the effect of the acceleration of the reactions studied by here is relatively ill defined, 
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Fig. 3, I— t curves for the reduc- 
tion of Fe(CN) in a solution of 
107° N K,Fe (CN), at = —1.6 in 
the presence of Laz (SO,)3, at the 
following concentrations: 1) 0; 
2)10°°N; 3)2°10°5N; 
*107°°N; 5)5°10°5N; 6)107°N, 


| yu 


1 sec 


Fig. 4. I—t curves for the reduc- 
tion of PtClZ in a solution of 

107° N K,PtCl, + 4 107° N Na,SO, 
at g = —0.87 volt in the presence 
of ((CgHy) 4NJBr at the following 
concentrations: 1) 0; 2)2°10°°N; 
3)3 +1075 N; 4) 4° 1075 N (oscillo- 
graph trace Fig, 2g); 5) 5 * 107° N; 
6)10°*N; 7) time dependence of 
Iq for the reduction of PtCli; 8) 
I—t curve for a solution of 107° N 
K2S,0, + 5 107° N Na,SO, + 

+ 3 ©1079 N at = 


*The drop in current observed in the very initial period of drop growth in many of the oscillograph traces in 


It curve in the presence of TBA practically coincide with the curve 
obtained without adding TBA, Furthermore, a steep rise in the cur- 
rent is observed for a relatively small increment of time, The cur- 
rent reaches values in excess of the limiting diffusion current, then, 
having passed through a maximum, begins to drop, approaching Ig. 
Similar I— t curves are also observed in the reduction of S,0%" in the 
presence of TAA, THA, and La3, The I—t curve determined in a 
solution of 10°? N K,S,0, + 5 * 107° N Na,SO, + 5°10 °N 

(CgHy3) .NJBr at = is given in Fig, 2a, and the t curve for 
a solution of 107* N K2S,0, + 2 * N Na,SOq+ 5 * 1075 N Lag(SOq)s 
at. ¢ = —1,.45 volts * is given in Fig, 2b, 


Measurements of the I— t curves for a solution of 10 * N 
K3Fe (CN), show that at g = —0,5 the current is proportional to tt/s, 
while at potentials corresponding to the minimum of the I- ¢ curve 
a kinetic current, proportional to t?/*, occurs. On the basis of the 
I — t curves measured in this solution at different values of ¢ and 
corrected for charging current, the relationship between the instantan- 
eous Current Ijnse and y for t = 3,3 sec was constructed, There is a 
flat minimum on the I- ¢ curve obtained in this manner, Thus, the 
deduction regarding the shape of the reduction curve for the Fe (CN) 
anion which is made in [10] is borne out by direct measurement, 
The same current-time relationship is observed in the presence of 
TBA, TAA, and THA at potentials corresponding to the minimum in 
the I- ¢ curve, as in the reduction of S,0%°, The I-t curve deter- 
mined in a solution of 107° N K,Fe(CN), + 5 * 107° N [(C4Ho),NJI at 
y =—1.4 is given in Fig. 2c. The effect of La** cations on the 
I-t relationship in the reduction of the Fe(CN} anion is similar to 
the effect of the organic cations and La** on the reduction of $,0%7 
(Fig. 3), 


A complete quantitative theory for I—t curves obtained with 
a dropping electrode has not yet been constructed, The case of an 
electrochemical reduction process, the rate of which depends linearly 
on the extent of coverage of a surface by a substance which may 
either retard or accelerate reaction, has been analyzed [2]. In ex- 
plaining the shape of the I- t curves which is observed in the case 
of a retarded electroreduction of cations, a deduction is made in [3] 
regarding the necessity of taking into account not only surface cover- 
age, but also the effect of change in , potential, which, in accord- 
ance with the Frumkin-Florianovich equation [7], leads to an expo- 
nential relationship between I and the amount of substance adsorbed, 
In this case, however, only retardation of the process was considered, 


and a quantitative theory is only given for the initial part of the 
I— t curve, 


The qualitative observations of the time dependence of current 
in the reduction of anions, particularly the existence of maxima in 
the values of Ij... which exceed the usual Ilkovi¢ limiting diffu- 
sion current, may be explained in the following way, In the absence 
of a catalyst (organic cations or La**), the reduction of $,0%" and 


Fig. 2 is due toa non-Faradaian (capacitance) current which is proportional to t™2 , and which falls to zero with 


increasing time, Corrections for capacitance current were introduced into the I— t curves in Figs, 1 and 3, 
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Fe(CN)g” proceeds very slowly, so that the anion concentration in the layer nearest the electrode remains practi- 
cally constant and equal to the concentration of these particles in the bulk of the solution during the initial 
period of drop growth, Therefore, by the time that a sufficient amount of cations has accumulated at the elec- 
trode surface to accelerate the reaction, the anion concentration in the neighborhood of the electrode still re- 
mains high, This leads to reduction currents which exceed Ig. The substance in the neighborhood of the elec- 
trode is then, however, consumed; the current falls and, when the anion concentration at the surface drops to 
zero, approaches the value Iy. A significant increase of Ijncp above Iq can evidently only be observed where 


there is an exponential relationship between the rate of anion reduction and the degree of cation coverage of 
the electrode, 


In [7] it was discovered that the effect of La** cations on the reduction of $,0%” and Fe(CN% is decreased 
and completely disappears at sufficiently low La** concentrations, e.g.1.2 ° 107° N, at strongly negative values 
of ¢, and the hypothesis was advanced that the reason for this is a reduction in the time of drop formation of the 
mercury electrode, as a result of which La** does not have time to be adsorbed, From the I- t curves obtained 
for the reduction of S,0% and Fe(CN\” in the presence of La** at different values of y, we constructed the 
Iinst ~ ¢ relationship for constant t. It appeared that La** cations at C = 1.2 * 10-5 N accelerate reduction of 
the anions both at less and at more negative values of ¢, but their action is more effective in the former case, 
This phenomenon is evidently due to the fact that in the stated conditions of the determinations the La** con- 
centration at the electrode surface is the same at different values of ¢, and their action should be more effective 
when the surface is weakly charged,when the K* concentration in the double layer is less. 


It has already been established by the determination of I — t curves [5] that TAA at low concentrations 
accelerates the reduction of PtCl{” at the potentials encountered in the falling portion of the polarization curve 
but retards the process at higher concentrations, The results of I— t measurements for the reduction of pce in 
the presence of TAA are presented in Fig. 4, At low TAA concentrations at the surface acceleration of the re- 
duction of PtCl{” is observed, and the initial portions of the I— t curves obtained in this case are reminiscent 
of the initial portions of the I- t curves described above. However, when sufficient quantity of TAA accumu- 
lates at the electrode surface, reduction of PtC1” is retarded, Comparison of Curves 3 and 8 of Fig. 4 shows 
that TAA accelerates the reduction of prcl, much less than the reduction of $,0%-. The reasons for this are 
analyzed in [5], In order to explain the data obtained in the present study, it is evidently not sufficient merely 
to use the concepts previously evolved of the effect of organic cations on the reduction of anions [5], but it is 
probably also necessary to take into account surface coverage by adsorbed cations, which causes retardation of 


the reaction, When acceleration of the process by cations is comparatively slight, retardation of the reaction 
occurs at high surface coverages, 


In certain circumstances, the I— t curves determined in dilute solutions at the potentials encountered in 
the falling region of the I — ¢ curve are distorted by current oscillations, Spontancous oscillations were first en- 
countered in the reduction of $302 on mercury [11]. The I- t curve which we obtained in a solution of 107° N 
Ke520, + 3 © 107° N [(C4Ho)4NJI at a cell voltage of U = —1.29 volts (Hg anode in the same solution) is given in 
Fig. 2d, Spontaneous oscillations are also observed in a 10°37 N K,Fe(CN), solution when a 47 kohm resistance 
is placed in series with the cell (Fig, 3f, U = —0,8 volt), Spontaneous oscillations for a solution of 107° NK,PtCl,+ 
+ 3° 107° N [(C4Hy),NJI are shown for U = ~1,09 volts in Fig. 2h and for U = 1,10 volts in Fig, 2j. In a solu- 
tion of 107° N K,PtCly + 5 * 107° N [(C4Ho),NJI + 10°! N Na,SO, at U = —1.2 volts, it is possible to observe the 
current oscillations at different instants of drop life (Fig. 2i, R = 30 kohm), The observation of oscillations in 
this case is also of interest because there is a falling region on the I- ¢ curve for this solution, but no polaro- 
graphic maximum of the first type. Oscillations are observed in the reduction of the CrO{ anion, whose I- ¢ 
curve has a falling region [12] in a solution of 107° N K,CrO, + 3 * 1075 N (C4Hg),NI at U = —0,97 volts (Fig. 2g). 
The relationship between the frequency and amplit'«le of the spontaneous oscillations and voltage in the cases 
studied is in agreement with the results in [11] and is apparently connected with variation in the state of the 
layer at the electrode at the instant at which the oscillations begin, The form of the oscillations agrees with 
that described in [11], although more complex oscillations were observed in some cases (some of the oscillations 
in Fig. 2h are given in Fig, 2k with the t scale magnified by a factor of 16), In 107* N KyS,0,, 10°? N KPtCl,, 
and 1077 N HgCl,, in the absence of additives, oscillations are not observed in the conditions in which these 
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studies were carried out, but “jumps” in the current occur until the value of I encountered at the polarographic 
maximum is reached, The characteristic zigzag-shaped lags described in [11] (indicated by arrows in Fig, 21, 
107° N K,S,0,, U = —1.1 volts)* were observed, however, in the first two cases as the curve was rising to the 
maximum, It follows from the experiments carried out that oscillations disappear when the resistance of the 


circuit is reduced,and therefore in the main part of the work the determinations were carried out with solutions 
which contained low Na,SO, concentrations, 
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*The fact that oscillations are best observed in the presence of small additions of TBA is probably due to the 
effect of cations on the I— ¢ curve, particularly the existence on the curve of a small region of limiting cur- 
rent between the polarographic maximum and the falling region of the I— ¢ curve, At the same time, the 
oscillations which are observed in the presence of La** or small (of the order of 1074 N) additions of Na,SO, 
differ with respect to frequency and amplitude from the oscillations obtained when TBA is added, 
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Let a uniform isotropic system consist of N = >) N; (i=1,...,M) molecules and occupy volume V, 


The subscript i denotes the kind of molecule, Then the intensity of monochromatic light I, scattered by fluctu- 


ating anisotropy at an angle @ to the direction of incident unpolarized radiation whose intensity is equal to ly 
may be expressed by the function 


| == (1 +-cost 0) (3%) | BAe fh) | 


(1) 


where the summation is carried out over the independent volume elements vj << »§, py oj =V; Aesth. is the 


fluctuation in the optical dielectric constant in the volume element vj, due to fluctuations in orientation; \ is 
the wavelength of the light; r is the distance from the center of the volume causing the scattering to the point 


of observation, Using the Lorentz-Lorentz equation we obtain, after carrying out a series of well-known rear- 
rangements [1], 


M Ni 


k=y,2 (=1 j=1 


Q= + cos? 0) (n+ +2) 


(2) 


Here, x and y are the Cartesian axes of coordinates defining the direction of the electrical vector of the radiation; 
Aa,,ij and Aaz,j*j* are the components of the fluctuation of the anisotropic polarizability of molecule j of 
kind i, or molecule j* of kind i’, respectively; n is the refractive index. 


The first part of Eq, (2) expresses the contribution of the independent orientations of all the molecules; the 
second part takes into account the relationship between the orientations of different molecules ij and i*j’. 


As we have already shown [2], the method of differentiating the Lorentz—Lorentz equation proposed by 
Rocard [3] does not withstand criticism, The method of differentiation already employed by Einstein [4] is cor- 
rect, The factor (n* + 2)/3 in Eq. (2) is therefore raised to the fourth power, and not to the second, 


Let molecule ij have a random but fixed orientation, Let us arrange within the molecule a system of co- 
ordinates such that the axes € ij "ij $4; coincide with the principal semiaxes of the polarizability ellipsoid of 
molecule ij. Molecule i*j" has no fixed orientation, Let us introduce axes of coordinates oj 
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*Calculated from data on 5” and & given in [9]. 


coincident with the principal semiaxes of the polarizability ellipsoid of molecule i‘j', and changing their posi- 
tion in space with molecule i*j', Using the method of calculation developed by M. Born, R. Gans, et al, (see, 
for example, [1], pp. 238-241), the following general expression for I, may be obtained: 


M 

13 2 ) 

i=1 
= Me [(agi — + (aes — aes)? + (Que — agi)? I, (3) 

Here, a,j and agje are the principal values of the polarizability tensor of molecules of kind i, and i*k oF is the 
statistical mean square of the cosine of the angle between axes « and o, If the orientations of the molecules 
are randomly distributed, all values of (k oF = %, Then, 


(4) 


For a single compouent system in the general case, 
13 1 re 
Ia = Gz QN + [3 (x0)? — ne (5) 


Equation (5) may readily be rearranged to obtain the expression derived by Ansel'm [5]. 


By comparing the values of Ig calculated from Eq, (4) with the experimental values and using Eqs, (3) and 
(5), information on the orientated order of the molecules may be obtained, The results of such calculations for 
a series of specific liquids are given in the table, The total intensity of Rayleigh light scattering for the same 
wavelength in benzene at 25° was taken as the unit of measurement of I, at a wavelength A. In these units, 


0 » where R “- r. We took the “high” values obtained by Carr and Zimm [6] and a number of 
5 


other authors, after correction for refractive index and scattering volume, as the scattering coefficient of benzene 
Ro,H.- At 25° these values are equal to 48,5 ° 107° (. = 4358 A) and 16.3 * 107° (, = 5460 A); at 20° the values 
of Rc, are 46,8 * 10 “© and 15,7 + 10°°, respectively, In the table the wavelength of the radiation for which 
the calculation is carried out is indicated, The values of a, are taken from the work of LeFévre and co-workers 
[7-9]. The values of a, givenin the papers by Stuart and Volkmann (see, for example, [10]), are evidently in- 
correct [5], Attempts to use these values [8] to calculate Ig lead in many cases to obviously erroneous results, 
Results of the calculation of I, using the “low® values [11] for Ro eH’ and substituting the factor [(n?+ 2)/ 3}* for 
((n? + 2)/3f, are given in the table, As the squares of the differences in the values for a, are contained in 

Eq. (4), possible errors in the values of a, have a large effect on the results of the calculations,and this must be 
borne in mind in comparing experiment with theory, The table shows that for all the liquids except methyl al- 
cohol the values of Ig calculated from Eq. (4) using [(n + 2)/3]* and the high values for Rc,H, agree, within 


+ |e | 6 
C,H 25 0,58 | 0,39 
| 20) 1,525 1.16 | 0.82 | 
C,H,Br 25) 1,557 | 477 
CH,NO, | 25) 1,554 | $9 [1,77 | 
o-C,H,(CH;): | 25 1,503 
(CH,),CO' | 20) 1,359 | 
CS; 25] 1,625 | 4,45 2.3 
5} 1,3500) "ass | 
201 1/330 | 0,085 | 0,079|<"/¢ 
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the limits of possible errors, with the values of I, calculated from experimental data on the total intensity and 
degree of depolarization A of the scattered light. 


It should be noted that data which were known to be inaccurate [10] were used, for lack of better, in the 
calculation of I, for methyl alcohol, However, it is conceivable that the discrepancy between Eq, (4) and the 
experimental result in this case is due not only to inaccuracy of the values taken for a, , but also to an orientated 
arrangement of CH,;OH molecules, Acetone, nitrobenzene, chlorobenzene, bromobenzene, chloroform, and ether 
conform approximately to the theory of polar dielectrics developed by Onsager, which gave some basis for as- 
suming the absence, or at least the insignificance, of an orientated order in these liquids [12], The data in the 
table are new and independent evidence for this assertion, 


Summing up, we may say that uniform isotropic molecuiar systems (gases, liquids, etc.) can be divided 
into two groups: a) systems without an orientated arrangement of molecules and b) systems having an orientated 
arrangement of molecules, The investigation undertaken by us opens up the possibility of establishing physical 
criteria for a division of this kind and in many cases of elucidatingthe nature of the orientated arrangement of 
the molecules by the calculation of (k o) from the I, and a, data. 
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The purpose of this work was to determine whether the topochemical processes of decomposition of solid 
inorganic compounds resulting from electron radiation are the same as ordinary thermal decomposition processes, 
Irradiation of solids with fast electrons leads to excess current carriers — secondary electrons and holes — and also 
to radiation defects, i.e., deformation of the periodic crystal structure, 


Therefore, ionizing radiations may affect the rate of topochemical processes, and also the structural and 
chemical characteristics of the products formed, Although the radiation defects and the primary active forms 
occurring in solids as the result of ionizing radiations are unstable [1], they may develop into secondary, more 
stable forms which affect the rate of topochemical processes, It must be noted that the participation of the ad- 
ditional current carriers in certain stages of the topochemical processes is possible, This is of interest, due to 
the repeatedly voiced assumption in recent years that the electron mechanism plays an important role in topo- 
chemical processes of the decomposition of compounds of the azide and oxalate types [2-5], 


Our samples of copper and nickel oxalates were prepared by precipitation from 0,2 N copper and nickel 
nitrates with 0.4 N oxalic acid at 50°C, According to the results of structural x-ray analysis, the phase composi- 
tion of copper oxalate corresponded to the formula CuC,0,° } H,O, and that of nickel oxalate to NiC,O, * 2H,O. 


The oxalates were irradiated in air with fast electrons with energies of 0.6-2 Mev. The density of the 
beam was checked for homogeneity photometrically by the darkening of photographic plates or films, For higher 
radiation doses (about 10° rad/ sec), the samples were placed in an open metallic container having a massive ex- 
tension (heat sink) immersed in liquid nitrogen or solid carbon dioxide, For lower radiation doses (104 rad/sec), 
the samples were irradiated in open containers or cuvettes made of molybdenum glass, which were cooled with 
solid carbon dioxide or a stream of cold air, 


The temperature within the samples was measured with a thermocouple, When the heat loss to liquid ni- 
trogen was large, the temperature was 40-50°, and it was found that there is a correspondence between the 
amount of energy received by the solid and that spent on evaporation of nitrogen, When heat losses were lower, 
the temperature within the sample was 100-150°, The thickness of the layer of samples corresponded approxi- 
mately to the free path of electrons of a given energy, The radiation dose was calculated by the intensity of 
current, and measured with a chemical dosimeter (recommended by the L. Ya, Karpov Physicochemical Institute), 
whose reagent was composed of 0,02 mole/ liter CuSO,, 0,002 mole/ liter FeSO,4, 0,02 N H,SO,. The emission of 
Fe** was determined with an SF-4 spectrophotometer, G = 0,65, 


The irradiated samples were subjected to kinetic and x-ray analysis to determine the phase composition ot 
the products formed and the depth of transformation, The kinetics of the composition of irradiated and unir- 
radiated samples was studied in a vacuum apparatus with a spiral quartz balance, 


Phase Composition of Radiation and Thermal Decomposition Products of Copper and Nickel 
Oxalates in Air and in Vacuum 


Radiation decomposition Thermal decomposition 
Temp., °C | Dose, rad, | Comp., % Temp., “C | Comp., % 


Copper oxalate 


100 3.6 + 10° Cu, 30 300 Cu,0, 50 
(in air) Cu,0, 30 (in air) CuO, 50 
No decomp., 40 


100 Cu, 90 280 Cu, 85 
(in air) No decomp., 10} (in vacuum) Cu,0, 15 


Nickel oxala 


100-150 8 + 10° Ni, 5 310. NiO, 10 
(in air) No decomp., 95] (in air) 


100-150 3 10% Ni, 80 280 Ni, 95 
(in air) No decomp., 20] (in vacuum) NiO, 2 
No decomp, 


40-50 3.3 10% Ni, 80 
(in air) No decomp,, 2? 


The topochemical decomposition process of copper and nickel oxalates may proceed with formation of a 
mixture of metals and oxides: 


-—-» Me -+ 2COs; (1) 
MeC,0, MeO +- CO -}- (2) 


We determined that a third reaction occurs during the decomposition of copper oxalate, with formation of 
a cuprous oxide: 


2MeC,0, —--» Me,O +4-CO 4 (3) 


The rate of the processes and their direction depend to a great extent on the conditions of the experiment: 
temperature, gaseous media, and the effect of ionizing radiation, Thus, thermal decomposition of unirradiated 
copper oxalate in vacuum proceeds essentially according to reactions (1) and (3), beginning at 225°, while 
nickel oxalate decomposes essentially with formation of metallic nickel (1), beginning at 240°, The decomposi- 
tion of both oxalates in air becomes measurable at higher temperatures (250° for copper oxalate and 300° for 
nickel oxalate), CuO and Cu,O are formed in the first case, and NiO in the second, 


The decomposition of oxalates in air as the result of irradiation begins at a temperature 200-250° lower 
than thermal decomposition, and the decomposition products have a different phase composition, The depth of 


decomposition increases with increasing radiation dose, The decomposition yield under the effect of radiation 
is a few tenths of a molecule per 100 ev, 


A summary of the results characterizing the phase composition of the products of thermal and radiation 


decomposition of copper and nickel oxalates is given in the table, These data were obtained by structural x-ray 
analysis. 


The table shows that the radiation decomposition of oxalates in air proceeds according to reaction (1) for 
nickel oxalate, and according to reactions (1) and (3) for copper oxalate, No formation of NiO and CuO was ob- 
served, Since the topochemical process due to radiation proceeds at low temperature, there is little oxidation 
of the decomposition products — metals — and the oxides formed are not revealed by x-ray analysis, It has been 


shown in special experiments that the oxidation of copper and nickel resulting from decomposition of oxalates 
(in vacuum) begins at 175° and becomes intense at 200°, 
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Fig. 1. Kinetic decomposition curves of 
copper oxalate in vacuum: 1) at 280°; 
2) 263°; 3) 240°; 4) 225°, 
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Fig. 2. Effect of radiation on the 
kinetics of decomposition of copper oxa- 
late in vacuum at 225°: 1a) unirradiated 
sample; 1b) irradiated sample (dose 

. 2,2 °10% rad); 2) irradiated sample (dose 
6+10° rad); 3) irradiated sample (dose 
1.1 + 10° rad), The power of the dose 
was from 10‘ to 10 rad/sec, 


the effect of a beam of electrons are accompanied by the creation of additional current carriers in the crystals, 


Let us note that the thermal decomposition of oxalates 
in vacuum, which occurs at a higher temperature than radiation 
decomposition, also led essentially to the formation of metals 
in the case of nicke! oxalate, and to a mixture of metal and 
metal oxide in the case of copper oxalate, 


To clarify the effect of radiation on the kinetics of the 
topoche mical processes investigated, we have drawn the kinetic 
curve of decomposition of unirradiated and irradiated copper 
oxalate in vacuum in the temperature range of 220-280°, Be- 
fore the measurements, the samples were treated for a long 


time up to a constant weight at 150° to eliminate the water of 
crystallization, 


Figure 1 shows that the kinetic decomposition curve of 
unirradiated copper oxalate at low temperatures has a shape 
characteristic of autocatalytic reactions with a long induction 
period (about 100 min at 200°), With increasing temperature, 
the induction period decreases, The activation energy of de- 
composition of copper oxalate calculated from the reciprocal 
of the time necessary to reach the maximum rate is equal to 
29 kcal/mole, Figure 2 represents the decomposition curves 
of irradiated (in air) and unirradiated samples of copper oxalate. 
They were decomposed in vacuum at low temperature (220°), 


From the data of Fig, 2 it follows that irradiation of copper 
oxalate with a dose of 2,2 * 10° rad does not affect the character 
of the kinetic curve for practical purposes, However, irradiation 
with a dose of 6 * 10° rad leads to a sharp decrease of the induc- 
tion period (down to 10 min) and to a considerable increase of 
the rate, Even larger effects and a complete disappearance of 
self-acceleration were observed during the decomposition of 
the sample irradiated with a dose of 1 * 10° rad. It should be 
noted that according to the kinetic data such a radiation dose 
does not produce any noticeable decomposition products, 


It can be assumed that excitation and ionization under 


The doubly charged oxalate ions interact with electron holes and are transformed into singly charged or neutral 
oxalate radicals, The latter, moving within the crystal (e.g., by the relay mechanism [5]), gradually approach 
the outer surface ,where, decomposing, they evolve into gaseous carbon dioxide, Simultaneously within the 
oxalate crystal and on its surface the cations having a double positive charge are reduced by the secondary 
electrons resulting from irradiation, The doubly charged cations may also pass through the intermediate stage ot 
singly charged cations (formation of CuO) to become metal atoms, with subsequent aggregation into groupings 


of atoms or crystallites, 


Due to the mobility of the electrons of the conducting zone, these processes may occur at any place in 
the crystal where favorable conditions are created by the electron traps (e.g., by anion vacancies or neutral atoms 
of the metal in the intersites), The radiation defects can also serve as traps, The total process can be conceived 
as shown on the following page, where ©” represents the flow of electrons, p and n are additional current carriers 
(electron hole and electron) formed during irradiation, The rate of both processes depends on the concentration 
of additional current carriers, Determination of the character of this dependence requires further experiments 


concerning the effect of the energy of the radiation dose on the rate of the processes, It must be noted that the 
temperature coefficient of topochemical radiation processes is apparently not very large (see table), 
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The thermal topochemical decomposition process of oxalates in vacuum may proceed according to the 
same mechanism, and the concentration of current carriers is then determined by thermal motion and is a func~- 
tion of temperature, The topochemical decomposition processes of copper and nickel oxalates resulting from ir- 
radiation occur at lower temperatures than the thermal decomposition processes (in vacuum), since the increase 


of the concentration of current carriers in the crystal is much greater as a result of ionizing radiation than as a 
result of temperature, 


We determined that oxygen slows down the decomposition rate of copper and nickel oxalates, apparently 
as the result of oxidation of the metal atoms formed during decomposition, Therefore, thermal decomposition 
of oxalates in air occurs at higher temperatures than in vacuum and leads to the formation of oxides, Let us 
note that according to the assumed electron mechanism irradiation may create a certain number of metal 
atoms and other crystallization centers in the crystal, Subsequently, this leads to an increase of the decomposi- 
tion rate and to a decrease of the induction period, which is apparently related to the process of formation of 
crystallites (or nuclei) of a new phase [6]. 


Thus, the application of ionizing radiation to the investigation of topochemical decomposition processes 
of nickel and copper oxalates, together with kinetic experiments and data from structural x-ray analysis, give 
results in favor of the electronic mechanism for these processes. 
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Since it has been experimentally established that diffusion stops in the critical region of separation into 
layers [1,2], it can clearly be seen that the diffusion equation is nonlinear, It means that the diffusion coefficient 
is dependent on concentration, and this coefficient practically falls to zero at the critical point [1,3]. 


Since the diffusion coefficient is not a constant quantity, attention must also be directed to the behavior of 


a Brownian particle in the critical range. It is known that the mean-square displacement of a particle is propor- 
tional to the time, i.e., 


S? — 2Dt. (1) 


Since the coefficient D has the significance of the diffusion coefficient, a Brownian particle at the critical point 
should remain in the same place, i,e., in practice we should observe that the Brownian movement ceases, Ex- 
perimental confirmation of this suggestion is to be found in essence in the results given in [4]. There it is shown 
that molecules of iodine forming an infinitely dilute solution with CO, in its critical phase (it may be assumed 
that the addition of an infinitely small quantity of a second component does not change the state of the critical 


phase of a pure solvent) show no noticeable displacement under the microscope, in contrast to the situation out- 
side the critical range. 


The study of thermodynamic effects makes it possible to examine the microscopic features of the critical 
state of a substance, The possibility of this approach has been pointed out, for example, in (5), in which the re- 
laxation time of concentration fluctuations was determined, 


The peculiar features of the fluctuation mechanism in the critical range should have an influence on the 
nature of the movement of a Brownian particle, The suggested possibility that the particle “stops” at the critical 
state of the pure substance has important foundations, 


The defining equation in the theory of the Brownian movement is Smolukhovskii's integral equation [6]: 


w(t), t+, R) = Ro; t, r) o(t,r; ¢ +1, R)dr, (2) 


where w is the probability density for the transfer of a particle from a state Ry to a state f in the time t— to. The 
integration is carried out over the whole range of change inf. 


Since the rate of change of the concentration fluctuations outside the critical region is large, it may be 
assumed that the particle is displaced in a homogeneous medium (this implies a certain degree of averaging), In 
the critical range, however, the rate of the fluctuations practically falls to zero, The stable (with a strong corre- 
lational connection) fluctuations in the density also determine the behavior of the Brownian particle, It must be 
assumed that in this case the movement now takes place in a nonhomogeneous medium, 


= 
a 


If this were in fact the situation it would make necessary a certain generalization of Eq. (2) for the range 
of the critical point. This can be shown by considering the following theoretical model for random motion. 


Let us consider the one-dimensional case, We are interested in the possibility of transferring the particle 
along a straight line in a series of steps of two kinds, Each displacement can be made to the right and to the 
left, The probability of displacement taking place is the same for both directions and is equal to one-half if 
neighboring steps are of the same type. If, however, for example, the step from the right is of a second type, 
then the probability of displacement from a step of the first type to the right will be p, > 4 (the probability of 
displacement to the left in the direction of a step of the same type is py = 1— pz). 


The probability that the particle will be displaced continuously to the right by N steps, if among them 
there are n steps of the second type (not extremes, and separated by not less than 2 steps of the first type), is 


P = pip. (3) 


This quantity will be a maximum when p, = }, which corresponds to the case where the steps are of the same type. 


Let us extendthis example, Let us assume that in length L there are N steps of the second type. Let us 
calculate the probability of displacement by a length Z < L in continuous fashion to the right for an arbitrary ar- 
rangement, on the selected region, of m and n steps of the first and second type, respectively, The density of 
steps of the second type will be distributed according to Poisson's law f) (n), where \ = (N/L)Z, m > an, and 
n >> 1, The probability which we are seeking is then 

n [n/2] 


B=0 y=0 


where ¢(n) is the probability of a given arrangement of n steps of the second type on length, We shall subse- 
quently assume that all arrangements are equally probable, y is the number of groups in which there are not less 
than two steps of the second type; 8 is the number of steps of the same type to the left and right, of which there 
are not less than two steps of opposite (first) type. If to the left and right of a step of the second type there is 
one step of the first type, there is essentially no difference between them, We can therefore exclude this case: 
this restriction of the number of possible arrangements of steps does not narrow the content of the problem, In 
this case 


n/2 —1 


p(n) = {1 + (n— 27 +} (5) 


Y=1 
Carrying out the summation in Expression (4), we obtain 


1 — (4pipa)” [2 + — 16 (1/on + 1) p2p?] 
Pi ox 
dh (n) @ (n) 


In addition to the general case (4), let us examine the particular arrangement for which y = 0, The proba- 
bility which we are seeking is then 


(6) 


Sf, paps. (1) 


There will exist an analogy between the actual movement of a Brownian particle and the above model 
examples if a step of the first type is taken to correspond to the denser regions of the volume, and a step of the 
second type to the less dense regions, The expression (4) corresponds to the case where the relaxation time of 
the density is small, and the Brownian particle is displaced in a homogeneous medium, The expression (7), how- 
ever, corresponds to the case of the critical state; The more dense and less dense regions follow one another in 
strictly stable order, p, denotes the probability of the transfer of a particle from an element of volume of higher 


density to a volume element of lower density, so that we assume p, > 4 . Comparison of the values of the pro- 
babilities (6) and (7) shows that Py >> Py. 
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The above model problems can also be formulated by Markov's method [7], which makes it possible to put 
them in their most general form. 


The sharp difference in the probabilities of displacement in homogeneous and nonhomogeneous media 
gives grounds for assuming that the original equation describing the movement of a Brownian particle in the 
critical range should take account of the value of the local density, It is natural to assume that the latter should 
be taken into account in Eq. (2), which we can rewrite in the form 


(to, Ros Pos +1, Ry Pp) = 


= ( (ty, Roy Pos t,7,P,) @(t, 7, t+ 1, R, pp) drdp, 
where p, = p(f) is the value of the density, 
Expanding the function w into a series in the neighborhood of the critical density of the medium 
(toy Ros Pos P,) = (tor Rov Pops P,) | (Po — Per) - (9) 
"or 


Restricting ourselves to the first two terms of the expansion (9) and then multiplying Eq. (8) by the distri- 
bution function f (po, pp), and integrating over the whole volume (the last integration does not relate to the 
Brownian particle), we obtain 


(4, Ro, Pos R, Pp) (Po, Pp) dV dpydp, = 


\ or (Por p,) (Por ’ Pp) f (Po, Pr) dr dV dp, dp, dp p + 


00, R 


lege (P0 (Pe — Pee) (Pos Pa) AF AV do dP, dP (10) 
Equation (10) can be written in the general form 
A=B+C\ Pa) (Pp — Pox) WV. (11) 
Vv 


The quantities A and B cannot become infinity, but the integral in the right-hand side of Eq, (11) becomes 
infinity at the critical point of a pure substance [8], The equation may be observed if C, i.e., the first deriva- 
tive of w with respect to the density, becomes zero, 


Taking account of the subsequent terms in the expansion (9), it can be shown that higher derivatives should 
also become zero, Here we make use of the fact that at the critical point the integral with respect to volume 


of the static moment (p — p)%(F = Por) is equal to infinity for all even powers ©, and equal to zero for all odd 
powers (Ap follows the normal distribution law), 


Consequently, in the neighborhood of the critical point the probability density for the displacement of a 
Brownian particle becomes zero, This also means that relationship (1) does not apply in this case, In fact, the 
relationship (1) was obtained from the condition for independence of the events, It is assumed that 


S? = + S,)? = S?+ 


All this is applicable for a homogeneous medium, In a nonhomogeneous medium, on the contrary, SS #0, 
so that we cannot obtain the funct‘onal equation 


h(t) = (t—), 


from which (1) was obtained. 


Experimental study of the behavior of a Brownian particle, like the study of diffusion in the critical region, 


is of considerable interest, and reveals valuable further possibilities for the study of microscopic relaxation proc- 
esses, 


| 


LITERATURE CITED 


I, R, Krichevskii, N. E, Khazanova, and L, P, Linshits, Doklady Akad, Nauk SSSR 99, 113 (1954), 
I. R. Krichevskii and Yu, V. Tsekhanskaya, Zhur, Fiz. Khim, 30, 2315 (1956), 

L. A. Rott, Doklady Akad. Nauk SSSR 121, 678 (1958), 

I, R. Krichevskii, N. E, Khazanova, and L. R, Linshits, Inst. Fiz. Zhur. 3, 117 (1960). 

L.A. Rott, Doklady Akad, Nauk SSSR 134, No, 2, 394 (1960), 

M, A. Leontovich, Statistical Physics [in Russian] (1944), 

S. Chandrasekar, Stochastic Problems in Physics and Astronomy [Russian translation] (IL, 1947), 
L. Landau and E, Lifshits, Statistical Physics [in Russian] (1951), 


1. 
2. 

3. 
ey 4 

5. 
6. 
7. 

8 

‘ 

200 

= 
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Translated from Doklady Akademii Nauk SSSR, 
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In the niobium oxygen system there exist at least three oxides: Nb,Os,with a range of homogeneity from 
NbO,,5 to NbO,,4,* NbO,, and NbO,with extremely narrow ranges of homogeneity [1-7]. The conditions for 
equilibrium in the reduction of Nb,O, to NbO, by hydrogen and carbon 
monoxide have already been studied [3-7], The results of some work 
[3,4] are not, however, free from errors associated with the effect of 
thermal diffusion; [5] gives only tentative values for the equilibrium con- 
stants, Other work [6] is known to us only from a short description in the 
monograph [22], which gives no values for the equilibrium constants, In 
more recent work [7], the equilibrium between niobium pentoxide and 
hydrogen was measured for only one temperature, The equilibrium be- 
tween lower oxides of niobium and hydrogen has apparently not been 
studied, In the present work a study was made of the equilibrium reduc- 
tion of niobium pentoxide to NbO, and measurements were made of the 
emf of the galvanic cell formed by the lower oxide of niobium NbO and 

It metallic niobium, The work was carried out with niobium pentoxide 
524 (99.9% Nb,Os) and metallic niobium (98.6% Nb, 0.08% Fe, 0.06% Ti, 
5 0.10% Pb, 0.04% Si, and 0.12% C), 


Fig. 1. Isotherms for the re- The equilibrium between niobium oxides and hydrogen in the 
duction of Nb,Og for tempera- temperature range 1200-1550°C was studied by the circulation method in 
tures: a) 1207°, b) 1400°, c) the apparatus described in (8], The test specimen,in the form of tablets, 
1550°. was placed on a platinum support in a molybdenum short-circuited furnace 

in such a way that the tablet touched the platinum in few places, The 
gross composition of the reduction products was determined from the gain in weight of the specimen when ig- 
nited in air to Nb,Os, and the phase composition was determined by x-ray diffraction methods, Studies were 
made of the two stages of the reduction of Nb2Os: 


2,5 NbO, , + Hs 2,5 NbOz + H,0, (I) 
NbO, -+{- NbO +H,0. 


* Nb,Os remains homogeneous in the range NbO2,5 to NbO2 39 according to [1], and in the range NbO2 5 to 
according to [6]. 
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The values of the equilibrium constants Ke = P}y,0/PH, are given in Table 1 and Fig. 1. In the composition 
range from NbO, 4 to NbO2,5, the values of Ke increase rapidly, and they could not be measured sufficiently ac- 
curately on our apparatus, The logarithmic polythermals of the equilibrium constants for the two stages of the 
reduction of Nb2Og (Fig. 2) are given (with an error of + 0.2% for the first, and + 0.3% for the second) by the fol- 
lowing equations; 


ig Ky, = — 15050/4,575T-+ 1,3306 (1480 — 1673°K), 
ig Ky,, = —29490/4,575T +- 1,3334 (1673 — 1823°K), 


from which 


Combining reactions I and II with the reaction for the formation of water vapor 


Hy + + (g) (II) 


whose free energy, according to Chipman [9], is given by the equation AGin (cal) = —59,251 + 2,0061g T — 

— 7,5 * 10757? + 4,08 * 10°T"! + 6,8085T, and using the literature data for the heat capacities of NbO, and NbO 
from [10], and of O, from [11], we can calculate AGfy and AGY (and also AHfy,. AHy, ASty: and ASt,)for the 
formation of NbO, 4 and NbO, at 298,2°K, For the reactions 


1), Oz = NbO, ,, (Iv) 
NbO + 3/302 — NbOg, (v) 


keal; = —28.1 kcal; = -6.36 eu; AG, = -87,33 kcal; AHY = —94,95 kcal; and ASY, = 
eu, 


For the formation of Nb,O, from NbO,: 


2NbO, 4- 1/20, (VID 


by linear extrapolation from the composition NbO,,, to NbO,,;, we obtain for 298,2°K: AHYyy = —70.25 kcal; 
AGYy = —65,.5 kcal; and = —-15.91 ev.* 


We were unable to achieve equilibrium reduction of niobium oxides to the metal by hydrogen, In order 
to determine the thermodynamic functions for the lower oxide of niobium NbO, therefore, we used the emf 
method, Measurements of E for the cell 


solid 
Pt| Fey Feo.950 | electrolyte | NbO, Nb| Pt (A) 


*Calculation of AGYy (and AHYy and Ast) with the assumption that the reduction of Nb,O; takes place accord- 
ing to the equation Nb,O, + H, + 2NbO, + H,O gives, for 298,2°K: AHY] = —70.5 kcal; AGYy = —65.9 kcal; and 
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Ig K, 
| AG} (cal) = 15050 — 6,087T, (cal) — 29490 — 6,10. 


TABLE 1 


Temp | Comp. of equilibrium spec. Temp Comp. of equilibrium spec. 
phase xe | phase 


Nb,0, 1400 NbO, 
Nb.0,, NbO; 1400 
4400 NbO,, NbO 
1400 


NbO, NbO 
Nb.O, NbO,, NbO 
NbO, 
NbO, 
NbO:, NbO 


NbO 


TABLE 2 


2NbO, + 5Or+Nb.0, Nb -+ O0,+NbO, 
qe 


our data 


NbO 4 2Nb + 20,-+Nb,0, 
our data 


Nb +-50,-+NbO fa} our data 


our data 


were carried out on the apparatus described in [12], in the temperature range 841-1073°C, The solid electrolyte 
used in the experiments consisted of mixed crystals from the ThO, — La,O; system, In individual cases, after the 
experiment with cell A had been carried out, the electrolyte tablet was used to measure E for the cell 


solid Fe. ..0, Fe| Pt (B) 


Pt|FegO,, Fey 95° | electrolyte 0,95 


As an example, we give the values of E for cell B, obtained in one experiment: 


Temperature, °C 900 1000 1100 
E, v (our data) 0,102 0.131; 0,131 0,166 
E, v (from (13]) 0.101-0,103 0,132-0,136 0,165-0,166 


The agreement between these data and the literature data [13] confirms the correctness of the choice of 
electrolyte.* The reference electrode (Feo.9;0, Fe) and the electrolyte were prepared as previously described [12], 


* Preliminary experiments showed that mixed crystals from the ZrO, - CaO system cannot be used as electrolyte, 
due to penetration of the electrode material (apparently Nb and NbO) into the electrolyte; this electrolyte has, 
however, been found suitable for other cells [12,13], 


NbO2 44 0,0225 
NbO3, 37, 0.00508 
1207 39 0, 00306 
prod 94 0, 00303 
4207 0,126 1400 NbO, 0,00301 
NbO> ‘99 0,00207 
poe 0,00389 
33 0,00496 
1300 0,00500 
1300 NbO2, 07 0.0352 
1400 29 0,00628 
1400 99 - TOUT Gh 0,00618 
3, 0,228 1550 NbOy 35 0,00638 
‘99 0,144 1550 NbO4 "45 0, 00617 
1400 | 0,0812 || 1550 | 99 | 0,00234 
Reaction Asti | Source Reaction | Source 
—190,4 
—199,3] —44,68] (") 
—455,2|—107, 24 
—472,6 
—454,8 
~97,7 — 20,2 
—98, 4 
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The test electrode was prepared by compressing tablets from a mixture of the calculated quantities of Nb and 
Nb,Os,with subsequent annealing at 1700°C for 3 br in vacuo, 


The following values were obtained for the equilibrium emf of cell A, corresponding to the free energy 
change (AG{yq7 = —2FE) for the reaction 


Fe, ,,0 + Nb -— > 0,95Fe ++ NbO, 


(VII) 


Temp., °C wo 1000 1000 1071 1071 1073 
EB, v 0,671 0,675 0,664 0,666 0,666 0,670 0,657 0,669 0,654 0,653 0,658 0,660 


These data and Fig. 3 show that the greatest deviation from linearity for the curve showing the relationship 
between E and T does not exceed + 0,008 v, i.e., approximately 1.2% of the quantity being measured, The ex- 
perimental data in the temperature range studied are given (to within + 0.7%) by the equation AGWyq (cal) = 

= —34,500 + 3,15T. Using the values of AGT for the reactions Fey,950 + CO 0.95Fe + CO, [14] and CO + 

+ 4O, + CO, [15], and the relationship between the heat capacities and temperature for NbO from [10], Nb and 
O, from [11], we obtain for the formation of NbO: 


vil 
Nb O2-»NbO, 


AGYin(cal) == — 98 450 — 0,564 T Ig T — 0,63 — 0,08 
-+- 22,10 T (298 — 1346°K). 


AG yp (Cal) = 98,450 0,564T lg T — 0,63 10°°T? — 0,08 10°T”! + 22,10T (298 — 1346°K), from which, 


for 298,2°K: AG yn = —92,36 kcal; = —98.39 kcal; and ASyint = —20.19 eu. Combining reactions (Vv), 
(VI), and (VIII), we obtain for the formation of NbgO, from the elements: 


2Nb + NbpOs 


(Ix) 


at 298,2°K: AHfy = 456.9 keal; = —424,9 kcal; and ASty = -107,43 eu, and for the formation of NbO; 
from the elements 


Nb }- NbO, (x) 

at 298,2°K: AH}, = -193,3 kcal; AG, = -179.7 keal; and As}, = —45.76 eu, 
Table 2 gives for comparison the values of AHggg and ASgg for reactions V, VI, VIII, IX, and X_ given by 
different authors: The AHSo values were obtained calorimetrically [18-21] and the ASdgg values were calculated 


by making use of the entropies at 298,2°K: SNb = 8.73 [11]. Spo = 11.5 (111, Sh = 13,07 [16], SNb,O; 
= 32.8 [11], and SO, = 49,02 [11]. 
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In recent years, in connection with the intensive study of nonequilibrium processes in gases, a number of 
calculations have been made of the cross sections of the vibrational excitation of molecules on collision (see [1], 
for example), The model theories of collision on which these calculations are based reduce, for the most part, 
to the introduction of some spherically symmetrical potential of intermolecular interaction, In those cases where 
the actual angular dependence of the interaction is small the corrections introduced when allowance is made for 
it may lead to a certain change in the cross section, but the dependence of the cross section on the energy trans- 
ferred, and on the temperature, remains unchanged [2], It is significant that these models give an unsatisfactory 
description of the process of energy transfer on the collision of molecules which can take part in chemical re- 
actions, In order to explain the high cross sections of vibrational excitation of chemically active molecules, a 
mechanism involving nonadiabatic collisions has been suggested [3]. In the present work, it is shown that the 
marked dependence of the energy of interaction on the configuration of the colliding molecular pair, which ap- 
pears in the case where chemical reaction between these molecules is possible, also leads to a high cross section 


of vibrational excitation, This conclusion is of very great significance for explaining, in particular, the mechan- 
ism of vibrational relaxation in exchange reactions, 


Let us examine as a model the collision of a diatomic molecule AB with an atom C, and let us assume 
that for a sufficiently high relative energy € = €* the exchange reaction 


AB+C—-—A-+ BC (1) 


is possible, The interaction of AB and C can be described by a potential energy surface [4], The valley point of 
this surface corresponds to the activated complex A — B— C, stable with respect to symmetrical stretching of the 
bonds AB and BC, and unstable with respect to unsymmetrical stretching. The transition through this point cor- 
responds to a redistribution of the atoms, which we shall not consider, In addition to this point, there exists a 
large number of points in which the system is stable with respect to deformational vibrations of ABC, but unstable 
with respect to increase in the distance between the molecules, Movement of the representational point in this 
region describes the vibrational relaxation of the AB molecules on collisions of AB and C, Subsequently, we shall 
assume that the energy minimum corresponds to the linear configuration of the activated complex (qualitative 


deductions, however, are independent of this assumption), and that the relative energy € is less than the activa- 
tion energy €*, 


The Hamiltonian of the colliding molecules on relative coordinates r and R, diagonalizing the kinetic- 
energy operator, has the form 


2m 


A, — Art U(r, R) + W(R, 9), 


(2) 


¥ 
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where r is the vector of the internuclear distance of the AB molecules, R is the radius-vector of the C atom rela- 
tive to the center of gravity of the AB molecule; m and M are the reduced masses of the AB molecule and the 
colliding pair; U(r,R) is the vibrational potential of the AB molecule; and W (R,rf) is the energy of interaction of 
AB and C, Since the exchange of energies takes place close to the turning point of the trajectory of the relative 
movement of AB and C, we shall seek an approximate solution of the wave equation in this region. In orde: to 
simplify the Hamiltonian, we shall make use of the condition that the interaction is markedly dependent on the 
angle ABC, If the frequency of the deformational vibration w‘ close to the turning point is much greater than the 
average frequency of rotation of the complex ABC as a whole, the rotation of the whole system can be approxi- 
mately separated, The errors thus introduced are associated with the neglect of centrifugal and Coriolis forces, 
After separation of the rotation, four coordinates remain— the angles @ and ¢, corresponding to the doubly de- 
generate deformational vibration, and the linear coordinates r and R, Denoting the displacement from the equi- 
librium position of the atom B by x, we can write the Hamiltonian in the form 


H = T (x) + T(R)+-T(R, 9) +U (x, R) + W (R) + 
+ axW (R) + ax 92, 


(3) 


Formally, this Hamiltonian is identical with the vibrational Hamiltonian of a linear triatomic molecule, In this 
k(R) 
2 

C (with the condition, of course, that € < € *) as a result of the exchange interaction, The last two terms in 
(3) describe the interaction of the vibrations of AB with relative translational movement of the colliding mole- 
cules and the deformational vibrations of the complex, Here and subsequently we assume that U is independent 
of 0 , in accordance with the valence forces potential, Terms proportional to &x are obtained by expansion of 
the potential of interaction of the molecules to powers of the ratio of the displacement of the B atom to the ra- 
dius of action of the exchange forces 1/a, since it may be assumed that the exchange interaction decreases ap- 
proximately exponentially with increase in R, 


case, U(x,R) and 0? are in fact vibration potentials, but W(R) corresponds to repulsion of the atoms B and 


If we put k = 0 in (3), we obtain a Hamiltonian corresponding to the model of Schwartz and Herzfeld [5]. 
The effect of rotation of the whole system is then, in general, insignificant, since the moment of the molecule 


AB and the relative moment of AB + C are preserved independently, In accordance with the accepted model, we 
2 


assume, on the contrary, that ax >> axW(R), so that only the last term in (3) appears as a perturbation re- 
sponsible for the transfer of energy. - 


Let us seek nonperturbated wave functions of the form 
= R) Wa (9, R) Xonm (R). (4) 


For this purpose, it is necessary to use adiabatic separation of the vibrations and translational movement of the 
molecules; estimation shows that this is possible for typical values of the frequency of vibrations wy of the AB 
molecule, the deformational frequency w', and the relative velocity of the molecules V, characterizing the col- 
liding pair (see below), 


The probability of the transition vam — v'n'm‘, calculated by the method of distorted waves, will be rela- 
tively large if at a certain point R= Ry the frequency of the oscillations Q of the product X ypmX y'n'm' be- 
comes zero (see [6], p. 352), With these conditions, the matrix element of the perturbation can be calculated 
by the stationary-phase method, and the expression for the probability of the transition acquires the form 


n(n—1), n’'=n—2, (5) 
vpn v’ 


.n—2| 
where Fy ,, and Fy+ )~, are forces determining the relative movement of AB and C in the vibrational states v, 
n and v’, n— 2 close to the resonance point Ro; Vo is the relative velocity at this point, We note that if the 
molecule AB can be approximated to a harmonic oscillator, the transfer can take place only between two poten- 
tial curves corresponding to the vibrational states v,n, andv + 1,n¥# 2, 


a 
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For the frequency 2 to become zero, it is necessary that on mutual approach of the molecules AB and C, 
the frequency of the vibrations of the molecule AB for some intermolecular distance Ry should be equal to twice 
the frequency of the deformational vibrations of the complex ABC, Unfortunately, the calculation of potential 
energy surfaces is not very accurate, so that it is difficult to make any definite statements regarding the fulfilling 
of the resonance condition, The most accurate calculation of H3, for example, gives w = 1945 cem7!, and w" = 

= 952 cm”! for the valley point [7]. However, one has to consider that the participation of the p-electrons in the 
formation of the chemical bonds considerably increases w*. It should, however, be taken into account that the 
frequency of the deformational vibrations of the complex ABC is close to the frequency of the deformational vibra- 
tions of linear triatomic molecules, i.c., for M © 10 we pute w'® 500 cm™*. On the other hand, close to the 
valley point the frequency w decreases compared with the frequency of the free vibrations of AB (for the collision 
of H, + H, for example, the decrease in the frequency amounts to approximately 2000 cm”! [7]), so that for the 


same reduced mass we may put w(R)) #1000 cm™*. Thus, it is quite probable that the difference w— 2w* be- 
comes zero, i.e., that resonance takes place at some point. 


Averaging of the probability (5) with respect to the thermal distribution of the colliding molecules can be 
carried out within the framework of the transition-state method, since it has been assumed that the colliding 
molecules are described by the equilibrium distribution function for relative motion (and in this case for de- 
formational vibration also), Averaging with respect to n is not difficult, As far as averaging with respect to 
velocities is concerned, this leads to a decrease in the contribution of the slow collisions to the averaged proba- 
bility P. This is due to the fact that at low velocities the colliding molecules may not reach the resonance 
point at all, so that the corresponding probability of energy transfer will be exponentially small, In practice, 
therefore, the averaging must begin from zero velocity at the resonance point, which corresponds, however, to a 
definite energy €9 at infinity, When V — 0, the stationary phase approximation adopted is not applicable, and 

in order to calculate the probability it is necessary to use the function X yyy Close to the turning point, Follow- 
ing the method of calculation given in [3], we obtain without difficulty 


(6) 

where V denotes the average velocity of the colliding molecules, and an approximation is made by putting 


The expression (6) differs significantly from the formula of Schwartz and Herzfeld [5]; The probability of 
the resonance transfer of energy is much greater than the probability of the direct conversion of the kinetic energy 
of the colliding molecules to vibrational energy, and the temperature dependence of the probability is given by 
the Arrhenius formula with activation energy € 9, and not by the Landau— Teller formula, 


For the final averaging of the probability, it is necessary to take account of all configurations of the col- 
liding pair, In accordance with the transition-state method, this can be done if we introduce into (6) a further 
factor fyjp/frot. Where fyjp is the statistical sum of the doubly degenerate deformational vibration, and f rot 
is the statistical sum of the rotation of the molecule AB, Thus, if we express the radius of action of the exchange 
forces in terms of the number of vibrational quanta N of the Morse oscillator, we can easily obtain, for the proba~- 


bility of the single-quantum vibrational deactivation of AB with the condition €) = kT and liw* = kT, the ex- 
pression 


we. my 2 @’ 


N \m, /] (7) 


In analogous fashion, we can obtain a formula for the case of tiw"<< kT, Here, it is important that the condition 
h w*<<kT, taken in conjunction with the fact that €) = kT, does not contradict, over a wide range of change in 
w*, the condition of adiabatic separation of the translational and vibrational motions, 


For a qualitative estimation of the probability from (7), we put T = 300°K, M #10, ma * mp,w'® 500 
cm", fvib © 1, frot ® 10”, and N ¥ 10%, In this case, the probability of deactivation of the first vibrational 
quantum proves to be of the order of 107°, The theory of Schwartz and Herzfeld leads to values which are smaller 
by 2-4 orders of magnitude, In this connection it is of interest to cite the experimental values of the probability 
of deactivation of the first vibrational quantum of Cl,, which were discussed by Pritchard [8] in an article on the 


| 
| 


exchange of energy in substitution reactions, For the transition v = 1 - v = 0 of chlorine, an average of 43,000 
collisions Cl, + Ng are necessary, and only 230 Cl, + CO collisions, The marked increase in the probability of 
deactivation in the second case is due to the chemical affinity of Cl, and CO, 


In conclusion, we would point out that the suggested mechanism of exchange of energies may be signifi- 
cant in connection with a number of other kinetic problems, particularly the nonequilibrium theory of chemical 
exchange reactions, which takes account of the breakdown of the Boltzmann distribution of the reacting mole- 
cules throughout the vibrational states, 


I wish to thank Professor N. D. Sokolov for discussing this work. 
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The actual strength of solids is much lower than the theoretical strength, and is determined often not only 
by the physicochemical character of the solid but also by the nature of the defects in its structure [1]. 


The chief process in the development of an individual crack takes place at its blind end under the com- 
bined influence of external forces and internal stresses opposing the intermolecular cohesive forces of the solid 
phase, It is here, according to P, A. Rebinder [1], that the adsorptive influence of the medium (decrease in the 
free surface energy), as a result of the development of the adsorption layer, reaches a maximum value, and this 
is the most significant cause of the sharp decrease in strength, 


It has already been pointed out [2] that in the dynamics of dispersion, particularly when the applied ex- 
ternal forces are intermittent, variable, and of changing sign, the efficiency of these forces depends on the con- 
ditions of operation of the dispersion mechanism. In this, the most important parts are played by the following 
factors: a) the rate of development of the cracks with displacement of the points at which the stresses are con- 
centrated; b) the rate of closure of the cracks after the removal of the load; c) the kinetics of “accretion” in 
the closed part of the crack; d) the rate of penetration of liquid inside the developing cracks; and e) the influ- 
ence of different media on the rate of development of the cracks, and on the process of closure and self-healing. 


With an unfavorable combination of these factors, periodic work applied to the creation of cracks in their 
reversible (closing) part may be to a considerable extent ineffective, for example in the case where the rate 
of development and closure of the cracks is much greater than the rate of movement of the molecular layers of 
the liquid phase along the newly formed surfaces, It is therefore important to study each of the above factors, 


and to establish the regular relationships between them, which influence the process of breakdown and deforma- 
tion of solids, 


The development of cracks in thin glass has already been studied, and the influence of various liquids on 
this process has been established [3], and a study has been made of the development and closure of cracks in a 
crystalline solid along the cleavage planes [4], We have examined the same processes on specimens of silicate 
glass of different thicknesses, These experiments are of interest since they provide macromodels which permit 
a visual study of the elementary processes taking place in the individual intricately branching microcracks in the 
“prebreakdown zone" [2], These experiments are also of interest in that the development of a crack in a speci- 
men may take place in any direction, independent of the structure, isotropically, In macromolecular glasses, 
this should take place with the formation of free surface radicals, which can also be studied by the above method, 
The direction of the process of development of cracks is determined at first only by the direction of the previously 
applied initial crack, but displacement of the point of application of the load and of the bearing points can arbi- 
trarily change the initial direction of the crack during its subsequent growth. 
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Fig. 1, A) Diagrammatic representation of an 
experimental plate with a developing crack; B) 
relationship between the length 2 of the crack 
and the deflection S of the plate during de- 
velopment and closure of the crack; a) repro- 
ducible cycle; b), c) nonreproducible curves, 


mm g fisec 70 sec 1500 sec 


012301234 12345 
$10 

Fig. 2. A series of repeated cycles carried out 
after the cracks have been in the closed state 
for different periods of time, The dotted line 
joins points for which S = 0,02 mm, The 
strength of the regenerated bonds in the pre- 
breakdown zone increases with increase in the 
duration of the process of “self-healing” of the 
crack, 
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The closure of a crack when the load is removed 
takes place at a considerable distance (sometimes up to 
6-7 cm) and in the majority of cases cannot be detected 
optically (it can, however, be detected mechanically!), 


Figure 1A gives a diagrammatic representation of 
an experimental plate with a crack developing under a 
load P, applied from below to the central point a, The 
bearing points are indicated by arrows, The dotted sec- 
tion b-c denotes the closed part of the crack after re- 
moval of the load, 


The development of the crack with increase in the 
deflection S (which is proportional to the load) and the 
closure accompanying gradual removal of the load are 
shown in Fig. 1B, The cycle a is readily reproducible 
when repeated many times, in spite of the considerable 
hysteresis, If, however, the load P exceeds a certain 
limiting value, the steeply rising branch, as shown in 
Curve b, changes to a horizontal section and then to a 
new vertical section, Afterward the descending branch 
does not return to the starting point on the ordinate, The 
irreversible part of the crack Al is greater the greater 
the amount by which the load exceeds the limiting value, 
The development of the crack takes place in stepwise 
fashion with continuous increase in the load, 


The strength of the binding in the closed part of 
the crack increases markedly with time in the closed 
state, Figure 2 shows that the length of the crack for a 
given value of S = 0,02 mm decreases with increase in 
the time of "regeneration" of the molecular bonds in the 
prebreakdown zone (the corresponding points on the curve 
are joined by a dotted line), 


The influence of a liquid medium and capillary 
forces is revealed extremely clearly in the kinetics of the 
development of the cracks under suitably selected con- 
stant loads (P), The results obtained with two specimens 
are shown inCurves a and b in Fig. 3, The lower initial 
sections of the curves reflect the development of the 
cracks with time, which takes place either at a decreas- 
ing rate or linearly, depending on the mechanical condi- 
tions, The rate increases sharply when a drop of water is 
applied to the point at which the stresses are concentrated, 
When the drop is applied to the crack at some distance 
from this point, the increase in the rate takes place only 
after the layer of liquid penetrating along the crack has 
reached its blind end, The rate of development of the 
crack decreases again suddenly if the applied drop is re- 
moved from the specimen (points marked rem), and in- 
creases again when the drop is subsequently reapplied, In 
this way it is possible to obtain a curve with several steps, 
as shown in Fig, 3b, 
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Fig. 3. Fig. 4. 
The experiment is particularly interesting because it shows very convincingly the mechanical compressive 
action of the capillary forces on the surface of the menisci in the mouths of the cracks, This effect exceeds the 
adsorptive and wedge-splitting pressure of the molecular layers of water remaining in the crack, If the load is 
removed after the drop has been removed (S = 0), the liquid remaining in the crack comes out along the whole 
line and collects in the form of very fine droplets which evaporate very rapidly, 


In this state, specimen b was dried for 90 min, After this time, the crack had closed over a considerable 
region under the mechanical action of the elastic forces of the plate and, to an appreciable extent, the action 
of capillary contraction forces [5]. The strength of the regenerated bonds in the closed part of the crack in- 
creased, since when the previous load (S) was restored the development of the crack took place more slowly. 
The influence of water on this closed section is, however, particularly intense, 


Figure 3a shows the results of experiments with the same specimen of glass, but with a higher load P, When 
the latter was removed (S = 0) and again restored (S), the development of the crack took place at a very much 
reduced rate, Here, also, the compressive action of the capillary forces is shown, 


Nonpolar liquids (hexane, benzene, carbon tetrachloride, and liquid paraffin) under the conditions of the 
experiments described above have ah effect which is the exact opposite of that produced by water, This can be 
seen Clearly from Fig. 4, which gives results obtained for two different loads on the specimen, The development 
of the cracks stops when a drop of carbon tetrachloride is applied to them, This retarding action continues for 
a fairly long time, and stops when the nonpolar liquid in question has evaporated from the crack, If, however, 

a drop of water is applied to a crack in the presence of a nonpolar liquid which has stopped the development of 
the crack, the water instantly penetrates along the surface into the breakdown zone and produces its usual effect, 


This is in good agreement with the general theories put forward earlier by Academician P, A, Rebinder 
and Aslanova, according to which clean surfaces of polar solids are wetted completely by both polar and nonpolar 
individual liquids with different values of the energy of wetting. The difference is revealed sharply in the surface 
activity and in the capillary antagonism of liquids of different polarity when these are present without having 
been mixed on a given surface; this is shown by the last experiment, 


The above data indicate that there exist considerable opportunities for controlling the rate of the breakdown 
processes during dispersion, the mechanical cold-working of solid metals, and the treatment of various materials 
under operating conditions (friction, variable loads), It is necessary in these cases to take account of the 


physicochemical nature of the interaction of the solid phase with the medium, and the predominant importance 
of water for polar solids, 


In subsequent studies it is intended to look for reagents capable of producing an effect in any of these 
directions, 


The author wishes to thank Academician P, A, Rebinder for discussion of the present work, 
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The lever rule is used to determine the ratio of the masses of the phases in an equilibrium two-phase system, 
Its generalization for the case of equilibrium in a three-phase system is the center-of gravity rule; we have pro- 
posed a generalized center-of- gravity rule for the case of a multicomponent many-phase equilibrium system con- 
taining an arbitrary number of components [1]. This rule is used for the quantitative study of equilibrium states 
in complex multicomponent heterogeneous systems, and has been used to derive certain general regular features 
and rules relating to the structure of the equilibrium diagrams of such systems [2,3]. 


In this article we put forward a generalized lever rule, which is a new generalization of the above rules, 
Its essential feature is that in the study of different processes in equilibrium multicomponent systems, instead of 
considering the figurative points of each of the phases separately, we examine the figurative points of several 
(two) conglomerates of phases (see below) in equilibrium, This generalization makes possible the easy study (in 
stages or continuously) of the most complex processes in many-phase systems, which are extremely complicated 
when dealt with by the usual methods, 


Let M— a figurative point (or the corresponding composition vector) inside a concentration simplex [3]— 
represent as a whole an equilibrium multicomponent heterogeneous system with unit mass, Then, 


M= XA: an = (1) 


where Aj; is the apex corresponding to the ith component of the concentration simplex (or vector of the ith com- 
ponent); Xj; is the concentration of the ith component in the system; Bj is the jth apex in the phase simplex 
(vector of the jth phase); mj is the mass of the jth phase; C, is the vector of the kth conglomerate; v , is the 
mass of the kth conglomerate; i = 1, 2,..., is the number of the component; j = 1, 2,...,F is the number of 
the phase; and k = 1, 2,..., is the number of the conglomerate of phases, 


Formula (1) describes the above system M in terms of its components Aj, in terms of the coexisting phases 
Bj in the system, or conglomerates of phases Cy, into which the system M is broken down, Equation (1) gives 
simultaneous conversion from one baricentric system of coordinates (the components of the system) to another 
(its phases or conglomerates of phases), At the same time, the geometrical dimensions Ra» Rg, and Ro of the 
concentration, phase, or conglomerate simplexes in the general case may be different. Thus, for example, for 
a three-component two-phase system, the concentration simplex is a Gibbs triangle (Ra = 2), while the phase 
simplex is a section of a straight line (a conode) (Rg = 1); for a four-component, three-phase system, the con- 
centration simplex is a Roozeboom — Fedorov tetrahedron (Ra = 3), while the phase simplex is a triangle (Rp = 2), 
and so on, The dimensions of R, and Rp may also be identical, for example for a three-component, three-phase 
system (Ra = Rp = 2), for a four-component, four-phase system (Ra = Rg = 3), etc. 


| 
| 


In the case where s = 2 (Rc = 1), i,e., when the system breaks down into two-phase conglomerates, Eq.(1) + 
becomes the generalized lever-rule equation 


M -- X;A; = = vL+(1—v)D, (2) 


‘ t 


where L and D are the vectors of the two conglomerates of phases with masses v and (1— v), respectively, For 
example, in the case of the crystallization of a multicomponent alloy, L corresponds to the liquid phase (or con- 


glomerate of liquid phases), and D corresponds to a conglomerate of all solid phases, previously separated before 
the true equilibrium moment, 


From the law of conservation of mass for each of the n components of the system we have 


(1 = Xx; (i =1, 2, 3, n), (3) 


where Xj; 5 Xin» and X; are the concentrations of the ith component in the liquid phase, in the conglomerate of 
solid phases, and the system M as a whole, respectively; and v and (1— v) are the masses of the liquid phase and 
the conglomerate of solid phases, 


The solution of Eq. (3) will be 


from which we obtain the equation for the generalized lever rule 


Xp 


i—v x;, —X; 


(5) 


By means of Eq, (5) it is possible to calculate the ratio of the masses v and (1— v) of the coexisting liquid 
phase and conglomerate of solid phases from the concentrations x;;, Xjp, and X;, or to calculate (analytically) 
the total composition of the conglomerate x;p from a knowledge of v , x;;, and X; in an equilibrium system con- 
taining an arbitrary number of components, etc. 


Thus, when the multicomponent system M is broken down into two subsystems — the liquid phase and the 
conglomerate of solid phases — represented by the figurative points L and D, the “conglomerate simplex" de- 
generates into an ordinary (one-dimensional) conode, to which the ordinary lever rule can be applied. 


When a reversible process is taking place in any of its stages, the points M, L, and D lie on the same 
straight line LMD, situated in the (n— 1)th-dimensional space of the concentration simplex [and at the same 
time in the (r— 1)th-dimensional space of the phase simplex]. During the whole process, the point M evidently 
remains immobile, but the points L and D may move simultaneously inside the concentration simplex (sliding 
along the boundary between the regions of the phase states) or may in turn remain immobile (in this case, one 
of the points will move along the straight line inside the one-phase region), The conode (section of the straight 
line) LMD and also the sections LM and MD may turn in a multidimensional concentration simplex around the 
point M, or may expand or contract, retaining their direction (they cannot, however, bend), The vector D at any 
moment of the reversible process can be broken down into its component vectors representing individual phases 
or other simpler conglomerates of phases (eutectics, etc.),which makes it possible to fix easily any state of the 
system throughout the whole of the process under study. 


By means of the generalized lever rule, it is possible to describe extremely complex crystallization proc- 
esses, As an example, let us examine the crystallization of a three-component system A— B—C, in which there 
is formed a ternary compound S with an incongruent melting point (in the liquid state there is complete mutual 
solubility and in the solid state complete insolubility of the components), Let us follow the process of crystalliza- 
tion for any composition from start to finish, 


The figure shows the projection of the liquidus surface on the concentration triangle ABC, The region 
EP2P,E of primary crystallization of S lies outside the point S corresponding to the composition of the solid tern- 
ary compound, The ternary point P, corresponds to the nonvariant once-incongruent process of crystallization 
(-L-A+B+S), The plus and minus signs were defined on the basis of the center-of- gravity rule: The plus sign 


X;— Xp — X; 
it — *ip “ip 
216 


corresponds to the congruent process and the minus sign to the incongruent process (for example, at the point P,, 
crystals of S and B separate while A disappears together with the liquid), The point P, corresponds to the non- 
variant twice-incongruent process (-L—A-C +S); and the point E to the nonvariant congruent process (—L +B+C +S) 
in which the ternary eutectic (B + C + S) crystallizes, 


The line P\E represents the monovariant congruent (—L+B+S), and the lines P,P, and PE represent the mono- 
variant incongruent crystallization processes (-L-A+S) and (-L-C+S), etc, The arrows indicate the direction of 
the decrease in temperature during crystallization. 


In the figure , theheavy lines show the stages in the crystallization from the liquid whose initial composi- 
tion is given by point 19, The figure shows that on the basis of the generalized lever rule it is easy to establish 
the trajectory of the figurative points of the liquid phase and conglomerate of solid phases, coexisting at any mo- 
moment of the crystallization process, For the point 19, 7 crystallization stages are produced, denoted by Roman 
numerals: I-VI for the liquid phase and I*-VII" for the conglomerate of solid phases, At different stages of the 
crystallization the following solid phases coexist in the conglomerate: 


M'(A+4-C); (A+C+S8S); (C +S); 
V/'(B+4- V/I'(B -+- C +S). 
In the course of these seven stages, the variance of the system changes as follows: y = 2,1, 0,1, 2,1, 


and 0, The mass ratio v /(1— v) is readily calculated for any moment of the crystallization, By means of the 


proposed rule, it is easy to establish all stages of the crystallization for any other compositions of the system 
A-B-C, 


We have used the proposed rule to construct various polythermal sections (for example Ac, Y 4, Y 2%, 


Bas, etc.), on the basis of which it is possible to represent the whole of the spatial equilibrium-state diagram for 
the above complex ternary system. 


In the case of multicomponent heterogeneous systems (n = 4), the generalized lever rule is not so reveal- 
ing, but it can be used in the analytic form (Eqs. (4) and (5)]}. 
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Thus, from Eqs. (5), knowing the experimental values of Xx, xp, and rere » we can find analytically the 


equation for the trajectory of the figurative point xj in a multidimensional concentration simplex, From such 
data it is possible to obtain valuable information on the structure of the equilibrium diagram of a multicomponent 
system, 
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The equilibrium reaction 


Ti*'(molten) "/2 Ti?* (molten) - (1) 


has been studied by a number of investigators [1-3], However, none of them has given the expression for the 
temperature dependence of the equilibrium constant, Only one attempt was made [4] to measure the oxidation- 
reduction potential of the Ti?*/ Ti®* system by potentiometric titration of titanium trichloride with hydrogen in 
a vasa molten mixture of lithium agd potassium chlorides. The formal value of the oxidation-reduction po- 
tential ET it ppt determined in this way was about 0.6 v more electropositive than the equilibrium potential 
of cheat, (hich we measured [5] under almost identical conditions, If the values found were correct, then the 
ratio of ion fraction concentrations in molten mixtures in equilibrium with metallic titanium should be of the 
order of 107°, In reality, however, [Ti**]/[Ti?*] ~ 10°, according to direct measurements [1-3], 


We have investigated cathodic.polarization during electrolysis of molten chlorides containing trivalent 
titanium [6], and we have found that E° 5, ,_ 24 is about —1.7 v with respect to the chlorine reference electrode 
at 700-800°, This value is not only in good agreement with the kinetic data on the cathodic process, but also 
with the values of the concentrations of Ti?* and Ti** in equilibrium with metallic titanium, 


The validity of the method of potentiometric titration of TiCl,; with hydrogen in molten salts is doubtful, 
since the rate of the reduction of TiCl; to TiCl, at tie is very slow and incomplete [7]. The authors of this 
work [4] apparently have measured not the value E Tet! but the potential in the system by which the equi- 
librium reaction was reached; TiCl, (molten) + a ric, (molten) + HC\(g). 


To be certain that this is actually so, we repeated the potentiometric titration of titanium trichloride with 
hydrogen in an equimolar mixture of sodium and potassium chlorides at 700°, The potential of the indicating 
electrode (molybdenum) was measured directly with respect to the chlorine reference electrode, 


Figure 1 shows three typical experimental curves which we obtained, As can be seen, the ange of these 
ay is not the same as that of the potentiometric titration curve relative to the equation E = Er ey Tit + 
The 
curves pis +E a constant oxidation-reduction potential, which is about 0,5 v more positive than the equi- 
librium potential of titanium. 


+= BF ig which has a bend or a small plateau corresponding to (Ti**} = (Ti?*}] when E = E° 


In our study we also used the method of potentiometric titration, but we used metallic titanium instead of 
hydrogen, This ee agent, contrary to hydrogen, ensures without any doubt that during the process of re- 
duction of Ti** to Ti®* the reaction passes through a region where their concentrations become equal, 


TABLE 1 


Expt. Initial 


No. = 


Ti+, V 


Initial 


TiC, conc, | 


> 


2 br 


Time of reduction 


Oxidation-reduction potential of the system 
Ti?*/ with respect tochlorine ref. electrode. 


Fig. 1. Curves of potentiometric titration of TiC], 
(4% by weight) in a molten equimolar mixture of 
NaCl— KCl at 700° from three consecutive experi- 
ments, 


Cl, 


7 


Fig. 2. Cell for measurement of oxidation-reduction 
potential of the / system: 1) quartz con- 
tainer; 2) graphite protecting screen; 3) molybdenum 
electrode; 4) molybdenum leads to titanium; 5) alun- 
dum crucible; 6) titanium iodide electrode; 7) chlo- 
rine reference electrode, 


—1,731 


The salt mixtures were prepared by passing 
TiCl, vapor in a stream of pure hydrogen through 
an equimolar molten mixture of sodium and potas- 
sium chlorides, TiCl, was reduced with metallic 
titanium in the apparatus shown in Fig. 2. The 
oxidation-reduction potential of the system was 
measured with a molybdenum indicating electrode 
with respect to a chlorine reference electrode, 
Measurements were made every half a minute, To 
insure a rapid evening of the concentrations of Ti?* 
and Ti** within the whole volume of the molten 
mixture, the molybdenum indicating electrode was 
rotated at 60 rpm, The temperature was main- 
tained constant within limits of + 2°, 


The shape of the curve representing the vari- 
ation of the potential as a function of the time 
necessary for reduction depends on the conditions 
(temperature, concentration, agitation of the molten 
mixture,setc.), The rate of the reduction reaction 
is particularly sensitive to increases of the surface 
of metallic titanium, This can be seen in Fig, 3. 


However, all the experimental curves have a 
shape typical of potentiometric titration, namely a 
bend corresponding to the equality of the concen- 
trations of trivalent and divalent titanium during 
the reduction process, Apparently the potentials of 
the molybdenum electrode corresponding to this 
bend give the formal values of the oxidation-reduc- 


tion potential Ee ris? summarized in Table 1, 


The table shows that the formal oxidation- 
reduction potential of the Ti?*/ Ti** system with 
respect to the chlorine reference electrode remains 
constant within the precision of measurement, and 
equal to 


= — 1,726+0,005 


We have previously determined [5] the varia- 
tion of Eri Tet 38 2 function of temperature on 
the assursplide that most of the titanium in the 
molten mixture is in a divalent state for the equi- 


librium reaction, and obtained the following: 
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Oxidation-reduction potential of the system 
Ti?*+/ Ti** with respect to chlorine reference electrode 


10 20 30 10 50 min 
Time of reduction 

Fig. 3. Curves of potentiometric titration of TiCl, with metallic 

titanium in a molten equimolar mixture of NaCl— KCl: 1) 710°, 

1.93% (by weight) TiCl,; 2) 897°, 3.96% TiCl,; 3) 824°, 3.96% 

TiCl;. Curve 1 was obtained with a larger surface of the reducing 

metal than Curves 2 and 3, 


According to [1,2], the amount of divalent titanium is 90% 
2 —— under this equilibrium condition, Taking this result into account, 
Equilibrium we obtain a somewhat different equation: 


Temp., 
°C urdata | other authors* data 
Ti/ Tit! = (— 2,371 -} 5,73-10 T) Vv 
© re 1 
700 | 2,82 2964 88 ts with respect to the chlorine reference electrode, 
800 1,35 l, 33 Knowing rit and E We Can easily find the 
805 5°) expression for thet thberature di pendence of E° 3+ in the 
ow | 0.76 thermodynamic equation of the of titanium 
Loon | 0146 ba with respect to its trivalent ions in the molten chloride: 


0 
E = 


RT in 


From the relationship E° Titty Tit = 3E° 


Ti/ Tet / Tet? it follows that: 


= (— 2,156 


with respect to the chlorine reference electrode, 


-- 3,82-10"9T) v 


The equilibeium constant of reaction (1), expressed by the ion fraction concentrations of its component, is 


related to and by the expression 


Ink In (Ef Ti+ — Exist). 


Passing to ordinary logarithms, and substituting in this expression the temperature dependence of E° within 
the parentheses, we obtain the expression for the equilibrium constant: 


lg K == — 2,888 -} 3,251 /T. 
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It is interesting to compare the value of the equilibrium constant calculated by this equation with the 
values obtained by other authors (summarized in Table 2). The equilibrium constant decreases with increasing 
temperature, i.e,, the equilibrium reaction (1) displaces to the left. 


This phenomenon is to some extent due to the “pulverization® of titanium in molten salts when the metal 
precipitates on the walls of the container, When the container is heated from the outside, the temperature of the 
walls is higher than the temperature of the metal within the molten salt. There may be a considerable difference 
in temperatures when the heat loss of metallic titanium is large, The equilibrium mixture of Ti?* and Ti** ions 
formed near the metallic titanium is carried by the convection currents of the molten salt into the hotter region 
at the walls of the container, As a result, the equilibrium is displaced toward the deposition of metallic titanium, 
and the nucleation of a new phase favors the contact with the surface of the solid, 


The assumption in [4], that the equilibrium constant depends on the concentration of titanium in the molten 
mixture, even when it is very low, is very doubtful, In our experiments, the original concentration of TiCl, in 
the electrolyte changed by more than a factor of three, However, we did not find any definite dependence of 
the value of the formal oxidation-reduction potential of the Ti®*/ Ti** system on the concentration of titanium, 
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We have previously investigated the effect of metal coatings with low melting points on the resistance to 
deformation and mechanical resistance of monocrystalline metals with high melting points, In these experiments 
we covered the entire surface of the sample with a thin liquid layer, of the order of a few microns, We showed 
that the presence of a liquid layer of surface-active metal can alter the mechanical properties of the monocrys- 
tal; It .nay lose its resistance and become fragile [1-4], We explained this phenomenon as the effect of the ad- 
sorbed surface material on the mechanical properties of the sample. The loss of resistance is due to the sharp 
decrease of the free energy of new surfaces developed in the sample in the process of deformation and cracking. 
As a result of irregular diffusion (two-dimensional migration) the atoms of the surface-active material move 
along the defects of the crystal structure toward the microcracks developing in the sample, 


In the present work we investigate for the first time the development of cracks resulting from a small drop 
of adsorptionally active material (mercury) on the surface of the sample, The samples were plates of technically 
pure zinc (98.7% Zn) 0.8-3 mm thick and 50 cm wide, The plates were bent in the apparatus shown in Fig, 1 by 
a force F, so that the tensile stress pp, on the surface of the plates where the drop was deposited was relatively 
small — about 7-8 kg/ mm?; (the limit resistance of zinc is ~18 kg/ mm), Under these conditions, plates with- 
out mercury are relatively free of residual deformation during the ordinary period of the experiment (about 10 


min), When the stress is further increased, the plates can be bent to a right angle without the appearance of 
visible cracks, 


Mercury was deposited on the upper (elongated) side of the plate at a distance of 15-30 mm from where 
the sample was fixed in the apparatus, The drop of mercury had a mass m from 0,2-40 mg. A small fresh scratch 


(or a slight etching with alkali) was made at the point where the drop was to be deposited in order to insure con- 
tact (wetting) of the zinc with mercury. 


When the stress p,, is about 7 kg/ mm’, a crack appears at the point of contact with mercury. This crack 
absorbs all the mercury almost immediately (a fraction of a second to one or two seconds), and as a result the 
crack develops rapidly in the direction perpendicular to the direction of application of the stress, The rate of de- 
velopment of the crack then drops, and after 5-10 min becomes very low, At this point, the crack has penetrated 
almost the entire thickness of the plate, The final length L of the crack is determined by the amount of mercury 
deposited m (see Fig, 2), The development process of the crack can be represented in a first approximation in 
the following way (proposed by one of the authors, E. D. Shchukin), The crack can grow only as the result of 
penetration of mercury atoms into the metal immediately beyond the V of the crack, This mercury penetrates 
by two-dimensional migration along the walls of the crack, As a result of three-dimensional diffusion, mercury 
is adsorbed simultaneously by the walls along the entire length of the crack, Therefore, the higher the rate of 


10 
\g 


Fig. 1, Sketch of the development of cracks Fig. 2. Variation of the total length 
as the result of a drop of mercury on a plate of the crack L (mm) as a function of 
of zinc subjected to bending. the mass of the drop of mercury m 
(mg) for different thicknesses 6 of 
the plate: 1) 0.8 mm; 2) 1.85 mm; 
3) 3,0 mm, The tangent of the 

slope of the lines is exactly 74. 


Fig. 3. Rate of growth of the 
crack as a function of time dur- 
ing the initial stage of its de- 
velopment (in one direction 4 
from the point of nucleation) — 
for different masses of mercury* Fig. 4. Rate of growth of the crack dur- 
m: 1) 40 mg; 2) 10 mg; thick- ing the later stages of its development 
ness of the plate 6 = 1.85 mm (in one direction from the point of nuclea- 
(according to the movie film), tion) for different masses of mercury m : 
1) 40 mg; 2) 10 mg; thickness of plate 
6 = 1,85 mm, 


its migration, the slower the three-dimensional diffusion; and the slower the three-dimensional diffusion, the 
more "efficient" the utilization of the mercury in terms of extending the V of the crack deeper into the material, 
Thus, the kinetics of the development of the crack is determined by two competing processes: 1) two-dimen- 
sional migration of adsorptionally active atoms along the walls of the crack, and 2) their diffusion into the 
sample in the direction perpendicular to the walls of the crack, 


For simplicity let us assume that the development of the crack (from each side of the drop) proceeds at a 
constant rate, equal to the migration rate v, Then, an area of the surface dx opens at some time t, = x/v after 
the nucleation of the crack (see Fig. 1), It can be assumed with a certain approximation that the penetration 
of mercury from the walls of the crack into the sample is described by the ordinary diffusion equation (unidimen- 
sional case) with a constant diffusion coefficient D, (In this case, it can be expected that the coefficient will be 
considerably higher than during normal diffusion into a nondeformed zinc lattice due to weakening of the walls 
of the crack, which have a great number of defects, pores, and ultramicrocracks; therefore , the process considered 
should be more correctly called “quasi-three- -dimensional, *) Under these conditions, at a time t after the open- 
ing of a given crack, an amount C(Dt)2 = kt2 (grams) of the surface-active substance passes into the volume 
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(2/m) of the sample per square centimeter of the surface of the crack (Cy is the concentration in the surface 
layer), After atime t,an amount k(t— ty)? 25dx = 2k 8(t— x/ v)t dx will pass from an area dx into the volume, 
vt 
4 
and an amount 2nd | VWt—x/vdx= * kd vt” (grams) of mercury will pass from one half the total wall sur- 
face of the crack, If L = 2vtg (the total finite length of the crack), then after a finite time tg we have + 


where A is a constant, 


Figure 2 indicates that within a wide range of values of m the length of the crack is actually proportional 
to m’/3, The indicated variation of L as a function of thickness 6 is also in good agreement with the theory, 


This simple outline needs to be refined, however, The experiments showed that the length of the crack may 
depend on the method of applying stress, Namely, if in the experiments with a constant load the stess is increased 
(due to the decrease of the cross section of the sample and an increase of the concentration of stress at the head 
of the crack), then L becomes smaller, Apparently this is due to the loosening of the zinc structure in the region 
of the point of the V of the main crack as a result of the occurrence of a great number of small cracklets which 
absorb mercury intensely and thus hinder development of the original crack, The main crack branches as a re- 
sult of this, and this branching can be seen with the naked eye, 


A detailed investigation of the kinetics of the growth of the crack would be particularly interesting, The 
results concerning the initial stage obtained with a movie camera are represented in Fig, 3; Fig. 4 illustrates the 
next, slower stage of development, These curves clearly illustrate the first, rapid stage of the process, which oc- 
curs over a period of time not exceeding one second, when the rate of growth of the crack is constant and inde- 
pendent of m, During this period, the drop of mercury is drawn into and flows into the crack, The duration of 
this stage increases with the size of the drop, Later development is apparently as follows: As the crack grows, 
the amount of mercury is insufficient to fill the whole crack; mercury then covers the walls of the crack in a 
more or less thick layer, This mercury is used up gradually during the following stage, when mercury is supplied 
to the zone immediately beyond the point of the V of the crack by surface migration (spreading of the thin ad- 
sorptional layers of mercury), The rate of development of the crack then decreases, After a few minutes begins 
the third, slowest, and longest stage; during this stage there is no more free mercury in the crack, and it can be 
supplied to the zone immediately below the V only by a redistribution of the mercury remaining in very thin 
layers on the walls of the crack, 


These experiments show that it is possible to analyze in detail the role of two-dimensional migration and 
three-dimensional diffusion leading to loss of resistance in the metal under the effect of mercury, We think that 
further development of this investigation will allow us to study in more detail the kinetics and mechanism of 
migration of adsorptionally active atoms, 
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Note: Abbreviations not on this list and not explained in the translation have been transliterated, no further 
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